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Abstract 
 
A new non-contact method for characterizing the time-dependent mechanical 
performance of electro-active polymer films has been developed and is described in 
detail.  We first illustrate our new measuring technique by investigating the impact of 
film thickness on the actuation performance of polypyrrole. Our method is simple to 
perform and serves as a valuable tool for studying the long term stability and 
operational failure of the films, the effects of synthesis conditions and for the 
optimization of actuator performance.  
We have used our technique to investigate the impact that structural changes, such as 
crosslinking, have on the actuation of polypyrroles. An understanding of this 
relationship is necessary if forms of polypyrrole are to be produced that are capable of 
greater movement, operating speeds, in service lifetimes and force generation. In order 
to do this we have developed a logical synthetic strategy (blocking approach) which 
allows us to change the degree of crosslinking in electro-synthesised polypyrrole. Using 
our blocking approach we have been able to show the impact that structural changes 
make on the actuation performance of polypyrroles. 
We have shown that it is possible to monitor crosslinking and branching changes in 
polypyrroles indirectly using the irreversible expansion of these films. Our 
measurements are a form of “dynamic swelling study” and are analogous with solvent 
swelling studies used in the polymer industry for monitoring cross-linking changes. 
The irreversible expansion of polypyrrole films has been used to investigate the effects 
that polymerization potential has upon the levels of cross-linking and branching. We go 
on to identify the optimal conditions for producing the maximum expansion, strain and 
strain rate for PPy(DBS). In addition, we have used instrumented indentation as a 
secondary method for monitoring crosslinking changes. This has provided information 
that is consistent with those revealed by changes in the irreversible expansion of the 
polymer.  
Finally we present an in-depth theoretical discussion of how elemental analysis could be 
used as a more direct way to quantitatively determine the levels of crosslinking within 
polypyrroles.  
This work represents the first study of its kind aimed at understanding the impact that 
crosslinking and branching has upon the actuation performance of polypyrroles. As a 
result we are closer to being able to synthesize polypyrroles with improved actuator 
properties such as greater strains and strain rates.  
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Section A: Introduction 
 
1.1 Context of research 
Polypyrroles are conducting polymers that are capable of undergoing reversible volume 
change when they are switched between their oxidized and reduced state, whilst in 
contact with an electrolyte, which acts as a source of ions. They can be readily 
synthesized as thin films and further modified using on-chip fabrication techniques to 
form microstructures
1-4
. These properties make polypyrroles suitable for use in 
microactuating devices or MEMS. The ability of polypyrroles to operate within aqueous 
environments, their biocompatibility and various other properties, makes them highly 
suited for use in medical devices
5
 and cell biology applications
6-7
. 
Although the use of polypyrroles as actuating polymers or “artificial muscles” is an 
established field and many actuating devices have been developed, there is still a need 
for their actuating properties to be further developed if their full potential as actuating 
materials is to be realized. For example, polypyrroles are relatively slow to actuate 
compared to other actuating materials
8
, with films of one to five microns, typically 
being limited to frequency of a few Hertz. 
To date no research into the affect that crosslinking has on the actuation of polypyrroles 
has been presented in the literature. Crosslinking is however an important factor in the 
swelling of gels and this should also be the case for polypyrroles.  
Gels are polyelectrolytes that have been swollen by solvents such as water (hydrogels) 
and can be synthesized with different degrees of crosslinking. They can be switched 
from a swollen to a contracted state by changing the ionization of the polyelectrolyte by 
pH or electrical stimuli
9
. The amount of volume change is much larger than for 
conducting polymers and can be as much as a 1000-fold
10
.  
It has been shown that low levels of crosslinking in hydrogels result in increased levels 
of swelling
11
. The diffusion of water and ions in hydrogels has also been shown to 
increase with decreasing crosslinking
12-16
. 
This work on gels suggests that there exist optimal levels of crosslinking in polypyrroles 
capable of producing improved actuation performance. By understanding the 
relationship between the crosslinking and actuation of polypyrroles, forms of 
polypyrrole capable of greater: movement, operating speeds, in service lifetimes and 
force generation might be possible.   
 
 
2 
 
1.2 Research aims 
The principle aim of the work presented in this thesis has been to understand how 
crosslinking impacts upon the actuation of polypyrrole films. 
A secondary aim is to identify optimum or optimal levels of crosslinking resulting in 
maximum expansion and speed. 
By increasing understanding of the relationship between polymer network structure and 
actuation, the synthesis of forms of polypyrroles that are capable of increased strains, 
speeds and strength, would be closer to being realized 
 
1.3 Main Challenges 
The first challenge that we have faced in undertaking this work has been to develop a 
means of characterizing the actuation of polypyrrole films to produce reliable actuation 
metrics. This has enabled us to compare the actuation performance of films containing 
different levels of crosslinking. 
Two further challenges that needed to be overcome in order to undertake this work have 
been the development of synthetic strategies capable of changing the levels of 
crosslinking within electropolymerized films of polypyrrole and to develop a method(s) 
for monitoring crosslinking changes. 
Although the properties of polypyrrole films are dependent upon many synthesis 
conditions, it is difficult to exercise control over a process that has as its first step the 
formation of highly reactive chemical species (free-radical cations) which tend to be 
non-selective in how they couple together to form the polymer network. 
We have developed a strategy employing blocking groups and copolymerization, which 
allows the levels of crosslinking to be changed. For this strategy to be successful it was 
necessary to overcome further challenges. The first was to identify a suitable range of 
crosslinking in which actuation measurements could be successfully undertaken. If the 
level of crosslinking was too low, actuation measurements could not be completed due 
to brittle fracture or deformation of the polymer film. An additional challenge was that 
the large expansions observed for relatively low levels of crosslinking, typically lead to 
delamination of the films before actuation measurements could be completed. 
Delamination was prevented by using a porous gold electrode to distribute the stress at 
the polymer-substrate interface. 
Two approaches capable of monitoring the degree of crosslinking have been 
implemented in our work. The first approach has been to monitor the relative changes in 
the irreversible expansion of the polymer, which is a highly analogous approach to the 
swelling studies which are used in the polymer industry for monitoring crosslinking 
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changes. The second approach has been to use instrumented indentation to monitor the 
change in the strength of the polymer films which is known to strongly correlate with 
crosslinking changes. We have found that the elastic modulus and materials parameter 
H/E
2
 to be very useful in this respect. 
Despite many hours of searching the literature and thinking it has proved very difficult 
to develop a direct and quantitative means of determining the levels of crosslinking in 
polypyrroles. In some polymers the crosslink is chemically distinct from the rest of the 
polymer, for example it contains a different functional group that can be readily 
quantified using techniques such as FTIR spectroscopy. Unfortunately the type of 
crosslinks present within polypyrroles is very difficult to detect and quantify since the 
linear, branched and crosslinked structures are very similar chemically. Despite this, we 
have been able to propose a method for quantifying the levels of crosslinking, based on 
an in-depth theoretical consideration of the changes that occur within the polymer 
network with crosslinking. 
 
1.4 Thesis structure 
Section B of this thesis reviews relevant literature necessary to support the research 
described in later sections. 
Section C discusses the original research contributions undertaken during this work and 
comprises five subsections. The first of these describes in detail the development of a 
new method for measuring the actuation performance of electroactive films and 
illustrates with a study into the impact of film thickness variation on actuation 
performance. The second describes the synthesis of 3,4-dimethyl-1H-pyrrole by the 
author of this thesis, which was necessary to undertake the work in the third section. 
This next section describes the implementation of a blocking group approach as a 
strategy for changing the levels of crosslinking in polypyrroles and our findings. The 
fourth subsection makes use of the main findings in the previous section to study the 
change in crosslinking within polypyrroles with different polymerization potential, 
using two different methods to indirectly monitor crosslinking levels. In the final 
section we detail theoretically, the changes that occur in the network structure with 
increasing crosslinking i.e. the change in the ratio of nitrogen to hydrogen within the 
polymer network. The use of elemental analysis as a more direct and quantitative means 
of determining crosslinking is proposed. 
Section D summarizes and evaluates the work that has been undertaken and includes a 
subsection briefly outlining future work that might be undertaken to further support and 
build upon this work. 
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Section B: The state of the art / literature review 
 
1.0 Polymer actuators as artificial muscles 
 
Although the term actuator may be unfamiliar to the reader, the concept of a material or 
structure that can cause something to move is very familiar to us. Our muscles are 
actuators and are essential to life. For the author of this thesis to type the words on this 
page and for the reader to read them, requires muscles of different sizes to control and 
produce movement. 
 
A number of materials have been investigated for use as artificial muscles. Among 
these, polymer actuators appear to provide a combination of properties with the 
potential of providing true muscle-like action. Polymer actuators possess inherent 
compliance, are lightweight, and are in general low cost.   
 
Electroactive polymers (EAPs) are a type of polymer actuator that responds to an 
electric field to generate mechanical motion.  The number of EAPs has grown in recent 
years and range from rigid carbon nanotubes to soft dielectric elastomers. EAPs can be 
divided into two categories on the basis of their mode of actuation: ionic or field-
activated. 
 
One of the most commonly used ionic EAPs is polypyrrole. Polypyrroles are conducting 
polymers which undergo volume change when electrochemically switched between 
their oxidized and reduced states. This volume change is due to the movement of ions 
between the polymer and an electrolyte.  
 
As with all the materials that have been investigated for use as artificial muscles, 
polypyrroles have a number of advantages, but also have a number of limitations. They 
are capable of being operated at low voltage (≈ 1V) in a liquid environment producing 
strains of up to 40 % with force densities of 100 MPa or higher. This makes them highly 
suitable for use in medical applications. However, they display low operating 
efficiencies (≈ 1%) and low electromechnical coupling (< 1%). In addition the actuation 
speeds are limited due to an actuation mechanism which depends upon the diffusion of 
ions. The need for them to be in contact with an electrolyte can also be a disadvantage 
when required to operate outside of a liquid.  
 
Polypyrroles have been used to produce actuating devices with a range of applications 
both at the macro and microscale. Applications of macro-scale actuators include: 
refreshable Braille displays
17,18
, steerable guide wires
8
, microanastomosis connectors 
for reconnecting blood vessels
19
. Microscale devices and applications include: 
microrobotic arms
3
 and devices for studying individual cells
7
. 
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Electroactive polymers, particularly polypyrroles, display a range of properties that 
make them suitable for applications such as micro-robotics, medical applications and 
cell biology. These properties are listed below
5
. 
 
Electroactive polymers: 
 
 can be electrically controlled. 
 have large strain (3% in plane to >30% out-of-plane) that can be exploited in 
either: linear, volumetric, or bending actuators. 
 have high strength (stresses are 1000 times as great as skeletal muscle) 
 require low voltages for actuation, typically 1 V or less. Can be positioned 
continuously between minimum and maximum values. 
 hold a fairly constant strain under d.c. voltage without expending power. (A 
degree of positional drift occurs, and the actuator system may consume small 
currents because of discharge through the electrolyte or parasitic electrochemical 
reactions.) 
 work at body temperature. 
 are light-weight. 
 can be readily microfabricated. 
 can operate in liquid environments including body fluids.  
 
Polypyrroles: 
 
 are biocompatible, both in vitro and in vivo. 
 are tissue-compatible and implantable for long periods. 
 improve regeneration of tissues. 
 can serve as suitable substrates for the growth of cell cultures. 
 can be produced in biodegradable/bio-erodible forms. 
 can be doped with and can release biomolecules. 
 are widely studied as biosensors.  
 
However, as impressive as this list of properties is, there is still a need for improvement. 
Although polypyrroles can display strains of up to 40 %, natural muscle can give strains 
of up to 100 %. Therefore, increased strains would be advantageous. Of even greater 
importance is the need to increase the rate of actuation (strain rate) of polypyrrole if its 
full potential is to be realized. If both the strain and strain rate could be increased, then 
many exciting applications could be envisaged, such as swimming micro-robots
20
. 
    
Much work has been undertaken aimed at improving the properties of polypyrrole. Most 
of these approaches have focused on the chemicals (dopant and solvent), conditions 
(concentrations and temperature) and methods (polymerization potential, current 
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density) employed during electropolymerization. To date no research has been 
conducted into the impact that the polymer network structure has upon the actuation 
polypyrrole. Two major obstacles would need to be overcome in order to undertake 
such an investigation. The first would be to devise a method for altering the levels of 
crosslinking and branching and the second would be to develop a method for 
monitoring changes in the polymer network. 
 
The impact that network structure, specifically crosslinking, has upon the actuation of 
polypyrrole is the subject of the work presented in this thesis. Prior to presenting our 
research findings, a discussion of the pertinent issues and relevant literature will be 
given. 
 
2.0 The structure of polypyrroles 
2.1 Neutral and oxidized forms 
Polypyrroles are conjugated polymers containing a system of alternating double and 
single carbon-carbon bonds, allowing the delocalization of pi electron density along the 
polymer chain as shown in figure 2.1(a). However, this representation is just one of two 
forms that polypyrrole can take. 
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Fig 2.1 Forms of polypyrrole (a) neutral (aromatic) form (b) oxidized (quinoid) form. 
The form shown in figure 2.1(a) is the “neutral” form of the polymer. This form 
contains pyrrole units that are more aromatic in nature than the alternative, oxidized 
forms of the polymer, shown in figure 2.1(b), which contains pyrrole units that are 
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“quinoid-like” in nature. The oxidized form can be converted to the neutral form by 
reduction and visa versa. However the neutral form is particularly unstable with respect 
to the oxidized form of the polymer, and special steps need to be taken in order to study 
this form of polypyrrole e.g. synthesis within a oxygen-free environment, such as a 
glove-box, followed by dedoping.  
Since it is more stable, the oxidized form is the form typically obtained during 
synthesis. This is due to the fact that the polymerization potential of polypyrrole is 
greater than the oxidation potential of the polymer. As a consequence the polymer 
undergoes oxidation as it is formed. The removal of electrons upon oxidation leads to 
the formation of “hole” like structures known as polarons. Further oxidation of polarons 
typically occurs and results in the formation of related structures known as bipolarons
21
. 
These structures have a unit charge in the case of a polaron and two unit charges in the 
case of a bipolaron and are depicted in figure 2.2. 
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Fig 2.2 Structure of (a) polaron and (b) bipolaron. (A
-
 represents dopant / counter 
anions) 
Both structures are able to accommodate positive charge by delocalization across 
adjacent monomer units, giving a positively charged section of the polymer chain which 
is “quinoid like” in nature. These structures can be thought of as positively charged 
“particles” or “holes” due to the fact that they can move throughout the polymer 
network and are responsible for the conducting properties of these polymers. 
Conduction within these polymers has been shown to be the result of both the direct 
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movement of polarons and bipolarons along the polymer chains by a process of 
localized “relaxation” of the polymer chain (quisi-1D conduction of the polymer) and 
also between chains by a process known as “hopping” (inter-chain coupling). The 
relative contribution of these modes towards conduction depends upon conditions such 
as the doping level and temperature. In addition, it also depends upon the structural 
properties such as the degree of ordering of the chains, the density of structural and/or 
chemical defects. Great advancement in the understanding of conduction within 
conjugated polymers has taken place in recent decades and excellent reviews exist on 
the topic
22,23
.  
For polarons and bipolarons to form the polymer chain has to be capable of undergoing 
rotation to be coplanar with adjacent pyrrole units. This is a necessary condition for pi 
electron density to be delocalized via conjugation and hence for polarons to form. 
Substituents within the pyrrole molecule at the pyrrollic nitrogen or beta positions can 
increase steric crowding and make it more difficult for the polymer chain to become 
coplanar, making polaron and bipolaron structures more difficult to form. This results in 
an increase in the torsional angle between adjacent rings of the polymer chain and 
typically leads to lower conductivity within the polymer
24
. 
 
2.2 Counter-ion / dopant 
Electropolymerization of polypyrrole necessitates the use of a suitable electrolyte 
containing counter ions which are typically employed in high concentrations. Not only 
are these counter ions necessary for the electropolymerization process to take place, but 
they are also incorporated at high levels within the polymer matrix to become an 
integral part of the polymer. The properties of the counter ion have a major influence on 
both the polymerization process and subsequent structure and properties of the resultant 
polymer. 
The counter ion should be capable of being readily incorporated into the growing 
polypyrrole film and also be chemically and electrochemically stable for efficient 
polymerization to take place.  
As the polypyrrole network is formed and oxidized to form polaron and bipolaron 
structures the counter ion is incorporated into the growing polymer, where it becomes 
associated with the polaron and bipolarons in order to compensate the charge. In this 
context the counter ions are referred to dopant ions. Dopant levels can be as high as one 
dopant ion for every three pyrrole monomers
25
.  
The presence of dopant ions within the polymer matrix is essential for actuation to take 
place. In particular, the size of the dopant will determine whether or not it can be readily 
exchanged between the polymer film and the surrounding electrolyte during actuation. 
Relatively small dopants tend to be mobile and large dopants immobile. The mobility 
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will determine the nature of the actuation mechanism that takes place. Large immobile 
dopants such as dodecylbenzenesulphonate (DBS
-
) tend to give better actuating films 
and have been used exclusively in the work presented in this thesis. The structure of 
DBS
-
 is shown below in figure 2.3.                 
                               
O
-
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CH3
 
 
Fig 2.3 The structure of the DBS
-
 ion; a large immobile dopant. 
The high concentrations of counter ions employed during electropolymerization will 
affect the conductivity of the solution and hence the rate of polymerization. In addition, 
the high levels of dopant incorporated within the polypyrrole matrix will exert a major 
influence on the physical and mechanical properties of the film. For example the type of 
counter ion employed can exert a marked effect on the polymer-solvent interactions. 
This type of interaction is well known for similar macromolecules (proteins) where it 
can lead to dehydration of the macromolecule. Dehydration of polypyrrole films can 
have a marked effect on the structure and stability of the resulting films. 
Polypyrrole films are known to be biocompatible and this makes them suitable for cell 
biology and medical application. However, the type of dopant ion incorporated within 
the polypyrrole matrix can influence their biocompatibility. One recent study has shown 
that immobile dopants such as DBS
-
 are more biocompatible than smaller mobile 
dopants
6
.  
 
2.3 Solvent 
The solvent used to prepare electropolymerization solutions is more than just a reactive 
medium as it participates in the auxiliary (counter) electrode and becomes an integral 
part of the polymer matrix. A number of solvents can be used: water, organic solvents 
and ionic liquids. 
The solvent should be as pure as possible, capable of dissolving the monomer and 
counter ion in suitable concentrations and not undergo decomposition at the potential 
employed during electropolymerization. 
The nature of the solvent can determine the conformational nature of the resulting 
polymer, with the chain folding and unfolding in different solvents to either protect or 
expose their hydrophobic groups, in a similar manner to proteins. The solvent will also 
influence conditions close to the surface of the working electrode (the electroreaction 
10 
 
zone), where polypyrrole is formed and deposited. Adsorption at the surface of the 
working electrode depends upon its solubility in the solvent. If the polymer is too 
soluble it can lead to poor deposits due polymer moving away from the electroreaction 
zone before it is deposited. 
It is possible that in cases where the solvent is unlikely to solvate the anions, such as 
acetonitrile, pyrrole monomer can possibly solvate the anions instead. This would 
explain why polypyrrole films formed using acetonitrile and perchlorate are less porous 
and more dense, as might be expected due to the higher monomer concentrations that 
would be present in the electroreaction zone by anions solvated with pyrrole 
molecules
26
.       
The use of solvents which are capable of stabilizing pi segments along the polymer 
chain, such as propylene carbonate, can increase both the reactivity and stability of the 
polymer
27
. 
Recently ionic liquids have been employed as electrolytes in the synthesis of 
polypyrroles. These solvents are molten (liquid) salts at low temperatures (less than 
100
o
C). These electrolytes act as both the solvent for the pyrrole monomer and at the 
same time provide the electrolyte ions necessary for electropolymerization. The use of 
ionic liquids results in distinctly different morphologies compared to conventional 
electrolytes
28
.  
 
2.4 Network structure and defects. 
The electropolymerization of polypyrrole results in a polymer network structure 
containing linear, branched and crosslinked sections. Substitution in both the alpha and 
beta positions is necessary for branching and crosslinking to take place. Branching and 
crosslinking are often referred to as defects since they adversely affect the geometry of 
the chain and disrupt its conjugation, impacting upon its conductivity
29
.  
The ratio of linear: branched: crosslinked structures likely depend upon a number of 
variables employed during synthesis such as the polymerization potential
30
. An 
excellent series of publications by Yurtsever et al. have employed quantum mechanical 
techniques to estimate the probability of branch formation in polypyrrole
31,32
. Their 
simulations give a branching of 20% for room temperature polymerization and show a 
slight dependence on temperature, with increasing temperature resulting in increased 
branching. 
Linear sections of the polymer network are considered more likely to undergo a form of 
non-bonding interaction known as pi stacking. The presence of pi stacking and the 
increased ability of linear sections to pack more efficiently/closely compared to 
branched and crosslinked chains, is believed to result in a more dense polymer
33
. 
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Whereas, an increase in the branching and crosslinking makes it more difficult for the 
polymer network to be packed as efficiently/closely and likely leads to a less dense and 
a more open/porous structure. 
It is possible to efficiently extract non-crosslinked material (gel) from polymers that 
display low levels of crosslinking using continuous (soxhlet) extraction with a suitable 
solvent. This forms the basis of gel content determination and can be used to make an 
indirect assessment of the levels of crosslinking of some polymers. 
Additional defects can occur as a result of the chemical decomposition of the polymer 
chain. This can occur if too high a polymerization potential is used during 
polymerization and is known as overoxidation. Figure 4.3 (SectionC) shows examples 
of this type of defect. In addition defects can be formed due to the twisting of the 
polymer chain, so that the delocalization of pi electron density in that section of the 
polymer is made more difficult or even prevented. 
 
2.5 Crystallinity and molecular order 
Electropolymerized films of polypyrrole are highly disordered and display only diffuse 
X-ray scattering
34
. However, evidence for small crystalline regions embedded within the 
amorphous matrix has been provided by electron diffraction patterns. A monoclinic 
structure for these small regions has been proposed for neutral polypyrrole by Geiss et 
al., from their analysis of the line spacing of diffraction patterns
35
. The orientation of the 
nitrogen atoms is such that adjacent nitrogen atoms are on opposite sides of the chain. 
These authors propose that the crystalline regions are made up of planar chains which 
arrange themselves into sheets with spacing similar to graphite. Support for such a 
packing arrangement comes from studies on single crystal X-ray analysis of pyrrole 
dimers and trimer
36
. 
One specific study of the X-ray diffraction patterns of polypyrrole alkyl-sulphonates
37
 
shows evidence of a higher degree of order compared to polypyrroles containing smaller 
dopant anions e.g. BF4
-
 (See figure 2.4). In addition to the typical peak originating from 
polypyrrole phase, a second peak is displayed corresponding to a dopant phase. The 
long spacings, d, of these peaks are linearly correlated to the alkyl chain length, n, by 
the linear formula: d(n) = (0.19n + 1.21) nm. These authors have proposed a lamella 
structure for these ordered regions which extend only about three “lattice planes” in 
each direction embedded in an amorphous matrix. The fact that the majority of the 
polymer is in a state of disorder is indicated by the absence of higher orders of the small 
angle peak and by its shape.  
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(a) 
  
 
 
(b) 
 
   
 
Fig 2.4 X-ray diffraction pattern for PPy doped with tetradecane-1-sulphonate (A) and 
octane-1-sulphonate (B). The peaks at 2 15o to 30o correspond to the oxidized PPy 
phase and the intense small angle peaks at 2 2o to 5o correspond to the dopant phase. 
 
Planar dopants such as DBS
-
 tend to increase the degree of anisotropy compared to 
nonplanar dopants such as ClO4
-
 which appear isotropic in X-ray diffraction studies
38,39
. 
In this sense the dopant is considered to act as a template for ordering the polymer 
chains. 
The degree of anisotropy found in polypyrroles has also been found to be dependent on 
a number of other factors. The molecular order has been found to increase with low 
polymerization temperatures
40
, high anodic polymerization potentials
40
, high dopant: 
monomer ratios in the polymerization electrolyte
41
 and by mechanical stretching
42
. 
Anisotropy has been shown to be greater for very thin films which have been prepared 
using very short polymerization times
43
. The increase in molecular order has been 
explained by the influence of the working electrode, with the polymer films being more 
ordered close to the electrode. However, this degree of order decreases at greater 
distances from the surface of the electrode. 
Conditions which favour increased order in the polymer have also been found to 
increase the conductivity and visa versa. It is likely that the molecular ordering is driven 
by an increase in the conjugation length of the polymer. 
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Despite the preceding discussion which has centred on the level of order observed 
within some polypyrrole films, the degree of crystallinity is very low in these polymers, 
and the bulk film is typically amorphous. 
 
2.6 Surface morphology and film density 
Polypyrrole films are typified by a “cauliflower-like” surface morphology when 
observed under a microscope. However, it has been shown to be possible to eliminate 
this morphology through the careful polishing of the electrode
44
.   
One factor that has been identified as influencing the morphology is the type of dopant. 
However, in one study using a range of dopants, the differences in morphology only 
became noticeable as the film thickness increased. Below one micron thickness the 
films were indistinguishable and were typified by globules of diameter 100-300 nm and 
height 10-30 nm. For films having a thickness greater than five micron, differences in 
the size of the “cauliflower” structures were observed. 
AFM has been used to observe the formation of these cauliflower-like structures, which 
form very early on as “micro-islands” on the surface of the gold working electrode, 
which merge as the film grows to form close-packed nodular grains
45
. Another study 
has shown a correlation between the nodular surface morphology and the surface 
potential and propose that the nodular regions are more dopant rich and highly 
conducting
46
.  Transmission electron microscopy (TEM) has been used to examine the 
cross-sectional structure of polypyrrole films and reveals that the large cauliflower-like 
structures are the “caps” of cone-shaped structures that extend down to the surface of 
the electrode
47
.   
It has been shown that the densities of electropolymerized polypyrrole films depends 
upon the dopant and other synthesis conditions. Polypyrrole films electropolymerized at 
low temperature (- 40 
0
C) with PF6
-
 have given films of density of 1.4 g/cm
3
, whereas 
the density of the same films grown at room temperature decreased to (0.6-0.8 g/cm
3
)
44
. 
 
2.7 Physical properties.  
The physical properties of polypyrrole depend upon several factors, such as: the extent 
of crosslinking and branching present within the polymer network, the type and levels 
of dopant and solvent within the polymer matrix. These factors are determined by the 
synthesis condition employed during electropolymerization such as: the type and 
concentration of electrolyte, the current density, potential employed, the temperature, 
pH and other variable within the electrochemical cell. 
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Polypyrrole display good strength. Their high Young’s modulus (0.05 to 100 GPa) and 
tensile strengths (1MPa to 1 GPa) enables them to exert considerable forces during 
actuation
5
. The range in these values serves to illustrate that the strength of the 
polypyrrole produced depends on the system (dopant/solvent) and synthesis conditions 
employed, and is under the control of the person undertaking the synthesis. 
Like all polymers, polypyrroles undergo plastic deformation under sustained loads 
(creep). However, for applications which do not typically involve high loads for 
extended periods of time e.g. biomedical applications, this will not be a problem 
The strength and resistance to plastic deformation will increase with increased levels of 
crosslinking within the polymer network. Increased levels of solvent such as water 
which enter the polymer during actuation (solvent swelling via the Osmotic effect) will 
also affect the strength of the polymer
48,49
. The presence of solvent within a polymer 
matrix is known to exert a plasticizing effect, the extent of which will be dependent 
upon the type and amount of solvent present
50
. 
Polypyrrole can demonstrate large actuation strains from a few percent (in plane) to 
over 30 percent (out of plane)
51
. They do however display relatively slow actuation 
speeds (> 1 Hz) for films several microns thick, due to the volume change being 
dependent upon mass transport (diffusion limited process). In addition polypyrroles 
display poor electrical to mechanical efficiency (typically 1 % or less)
5
. 
The actuation speed of polypyrrole films can be increase by employing thinner films, 
higher driving potentials and incomplete electrochemical cycling. For medical 
applications such as those within the body it is possible to use the temperature of the 
body to actuate the material but this is limited to applications requiring a single 
movement of the device upon insertion such as stents
5
. 
Despite these current limitations, other artificial muscle technologies face greater 
challenges
5
. 
 
 
3.0 Synthesis of polypyrrole 
 
3.1 Electropolymerization 
Polypyrroles can be synthesized by chemical or electrochemical polymerization. 
However, electropolymerization tends to be favoured because it provides good control 
of film thickness and morphology, and produces cleaner polymers compared to 
chemical polymerization. More recent techniques are plasma polymerization
52 
and 
enzyme catalysis
53
. 
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Different methods can be employed to deposit the polypyrrole films electrochemically 
including: potentiostatic (constant potential), galvanostatic (constant current) and 
potentiodynamic (scanning potential) techniques
26
. 
The intrinsic properties of polypyrrole are highly dependent upon the 
electropolymerization conditions employed. There are many parameters which have 
been shown to influence the properties of the polypyrrole formed such as: the nature of 
the electrolyte, solvent, pH, temperature, monomer and dopant concentrations. 
The global polymerization reaction is summarized in figure 2.5 and reveals that 
hydrogen ions are formed which is observed by an increase in the pH of the solution 
and that there is a net release of electrons. It also serves to illustrate that the polymer is 
produced in its oxidized form (as indicated by the np
+
 term). 
  
N
H
N
H
N
H
N
H np+
n
+ (2n + 2) H + (2n + 2 + np) e(n + 2) 
+ -
 
 
Fig 2.5 Global polymerization reaction for polypyrrole. 
 
3.2 Mechanism of pyrrole electropolymerization 
The mechanism of pyrrole electropolymerization is a controversial subject. Several 
alternative mechanisms have been proposed, with no one mechanism being universally 
accepted
54
. Although the mechanism proposed by Diaz
55,56
 is the one most encountered 
in the literature, other mechanisms have been proposed and have evidence supporting 
them. The main difference between the different mechanisms that have been proposed 
to-date is the initiation step, with each mechanism proposing a different one, ranging 
from electron transfer, proton transfer and direct radical formation
54
.    
The main difficulties that have been encountered in determining the different stages in 
the reaction are the speed of polymerization, intractable and non-crystalline nature of 
polypyrrole. The last two factors make structural characterization and the analysis of 
physical properties exceedingly difficult.  
It may very well be that electropolymerization can take place via more than one 
mechanism operating in parallel. The discussion that follows will outline the 
mechanism proposed by Diaz’s, which is the most accepted mechanism in the literature. 
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3.3 Diaz’s mechanism 
The first step is the oxidation of the monomer at the surface of the electrode to form the 
radical cation (I): 
          
N
H
N
+
H
- e -
Epa
( I )
 
The second step is the dimerization of two radical cations via their alpha positions to 
give the dihydromer dication (II): 
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Step three is the loss of two protons to form the aromatic dimer (III): 
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Step four involves the oxidation of the dimer formed in step three to give the dimer 
radical cation (IV): 
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Step five is the reaction between dimer radical cation (IV) and a monomer radical cation 
to give the trimer dication (V): 
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Step six is deprotonation of (VI) to give the neutral trimer:  
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This process continues (propagates), giving longer length pyrrole oligomers and 
ultimately polypyrrole. The steps illustrated above depict coupling exclusively in the 
alpha position. Although exclusive coupling in the alpha positions is likely to occur for 
dimers – short chain oligomers, it is believed that a critical chain length is reached 
where coupling in the beta positions also becomes possible leading to alpha-beta and 
beta-beta bonds in addition to alpha-alpha bonds. Coupling in three positions of the 
pyrrole ring leads to branch formation and the possibility of crosslinking. Ultimately, 
coupling in all four positions in the pyrrole ring is a possibility that cannot be ruled out 
for some positions along the growing polymer chain for highly branched and 
crosslinked polymer. However this type of coupling will be more difficult compared to 
incomplete substitution of the pyrrole ring, due to steric factors.  
Electropolymerization does not lead to the neutral polymer, but rather produces a highly 
oxidized structure which exists in equilibrium with the neutral (reduced) form:  
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The extent of oxidation of the polymer network will impact upon the conductivity and 
ability to actuate. These oxidized structures (polarons and bipolarons) will be paired 
with dopant/counter ions, due to the requirement for charge neutrality. The equilibrium 
that exists allows the polymer to be “switched” between oxidized and reduced forms by 
application of a suitable electrical potential.  
 
4.0 Crosslinking in polypyrroles 
 
4.1 Evidence for crosslinking in polypyrrole 
 
The intractable nature of polypyrrole is considered to be strong evidence of substantial 
crosslinking in the unsubstituted form of the polymer
57
. Only when specific steps are 
taken has it proved possible to obtain soluble forms of the polymer. Two approaches 
have been used. One approach has been to substitute the beta positions of the pyrrole 
ring and thereby block substitution leading to crosslinking
58
. The second approach has 
been the use of solubilizing dopants such as sodium bis(2-ethylhexyl) sulfosuccinate, 
which are believed to destabilize the polymer-polymer interactions relative to the 
polymer-solvent interactions
59
. The size of the dopant is another factor which might 
contribute towards dopant induced solubility, with large dopant ions reducing inter-
chain interactions and increasing the separation between chains making crosslinking 
more difficult. 
 
The ingenious use of dipyrrinone end groups in one study
60
 has supplied one of the few 
reported pieces of evidence for the presence of and  bonding. The dipyrrinone 
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molecule when incorporated within a growing polypyrrole chain leads to chain 
termination, hence the term dipyrrinone “end group”. Dipyrrinone can be synthesized 
with different substituents within the positions. The authors of this study used both 
methyl and ethyl substituents as part of the study. They did so for two reasons. The first 
was to alter the C:H ratio of the polypyrrole formed once incorporated within the 
growing chain. The increase in C:H for these copolymers then allowed the mean chain 
lengths of the polymer to be determined via elemental analysis. The second reason was 
to be able to block some or all of the positions within the dipyrrinone end groups and 
be able to selectively allow or block substitution of the end group. 
 
Their approach was to copolymerize pyrrole and dipyrrin-1(10H)-one end groups 
together and determine the average chain lengths, polymer yields and soluble residue 
(gel content). They noticed that the copolymers had relatively short average chain 
lengths of 20-50 units terminated by two dipyrrinone end groups. The polymer films 
gave relatively low soluble residues compared to similar length polymer chains that 
they produced using 3,4-dimethyl-1H-pyrrole and dipyrrinone end groups with all of 
their positions substituted with ethyl groups. This form of polypyrrole cannot 
produce and bonding since all the beta positions are substituted by either 
methyl or ethyl groups. The significantly lower soluble residues obtained for the 
copolymers of pyrrole with dipyrrinone compared to the similar length copolymer 
chains for 3,4-dimethyl-1H-pyrrole with dipyrrinone, the authors propose, can only be 
explained by the presence of crosslinking via and bonding. 
 
This ingenious approach makes use of a blocking strategy and the formation of 
copolymers and is a similar approach to one that has been implemented in the work here 
(see Section 3). 
 
4.2 Indirect assessment of crosslinking 
 
For crosslinked polymers the molecular weight parameter is meaningless and it is the 
density of crosslinking which is of greater value in understanding their behaviour. 
 
The crosslinking density of polymers is known to correlate strongly with physical 
properties such as solvent swellability
57
. It also correlates with the extractable content of 
the polymer, known as the gel content
61
. The determination of the degree of swelling of 
a polymer and its gel content are commonly used for assessing the extent of 
crosslinking by the polymer industry. For example, they have been used to monitor the 
affect that UV irradiation time has on the crosslinking reaction of epoxy-acrylate 
polymers
62
. 
 
Crosslinking density is also known to correlate with the physical properties of polymers 
such as their strength and toughness
57
. Techniques such as instrumented 
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nanoindentation are being increasingly used to study polymers and obtain metrics 
related to their physical strength, such as: the reduced Young’s modulus of elasticity, 
hardness and creep
63-65
. 
These methods measure changes in the crosslinking density indirectly through a 
correlation with related changes e.g. solvent swellability. A direct assessment of 
crosslinking would be inherently more satisfying. However, despite an extensive search 
of the literature, there are few reports of a direct assessment of crosslinking (and 
branching) in polypyrroles. These are discussed in the next section. 
 
4.3 Direct assessment of crosslinking 
 
4.3.1 X-ray photoelectron spectroscopy (XPS) 
 
The structure of electrochemically synthesized polypyrrole films has been investigated 
using XPS. In addition to revealing information on the nature of the polymeric cation 
(polaron/bipolaron) and its counter ion (dopant) it has been used to reveal the degree of 
“structural disorder”66. 
 
Standard line shape analysis of the “complex” C1s signal using Gaussian decomposition 
resulted in three peaks (see figure 2.6). The two peaks centered at 283.6 eV and 284.5 
eV have been assigned by these authors to pyrrole  and  atoms in the idealized ’-
linked linear chain monomer (see insert in figure 2.6). The third peak centered at 285.4 
eV on the higher binding energy side of the C1s peak has been assigned by the authors 
to crosslinked, chain-terminating or non-’ bonded carbons as well as carbons in 
partially saturated rings. They refer to these types of carbon atoms as “disorder” type 
carbons, in that they represent a departure from the “idealized” structure for polypyrrole 
(infinitely long ’-bonded linear chain). 
 
We considered using this approach in our work to correlate increases in crosslinking 
and branching with an increase in the area of the “disorder” peak. However, after 
seeking expert advice
68
, a number of concerns were raised. The first concern was over 
the uniqueness of the curve fitting analysis, given the relatively featureless C1s peak. A 
second concern raised was that the broadening of the C1s peak might more likely be due 
to doping effects and hence it would be very hard to extract information about possible 
changes in crosslinking or branching. In light of these issues, this approach was not 
used in the work presented in this thesis. However, even if the approach were valid, this 
“disorder” represents a range of different non-idealized structures and is not specific to 
crosslinking or branching e.g. changes in the “disorder” might be the result changes in 
the number of non-’ bonded carbons as well as carbons in partially saturated rings. 
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Fig 2.6 C1s XPS core level of polypyrrole perchlorate. The line through the data points 
represents the best fit obtained from superposition of Gaussian peaks. The lower lines 
show the contribution from  and disorder-type carbon atoms. 
 
 
4.3.2 Chronoamperometry 
 
The general formula for electropolymerization (figure 2.5) reveals that two electrons are 
involved for each C-C bond formed. Therefore each time a monomer unit is added to 
the end of a growing linear chain two electrons are involved. For an infinite linear 
polypyrrole chain this would require 2n electrons. Higher values than this indicate 
crosslinking of the polymer chains. If it were possible to reliably calculate the number 
of electrons for each monomer unit that yields bonds with other monomers of the 
polymer, it would allow a quantitative assessment of the degree of crosslinking to be 
made.  
 
This is an approach that has been adopted by one group
69
 in studying crosslinking in 
polythiophene, which is an analogous polymer to polypyrrole. This is an approach that 
we ourselves initially considered. The authors of this work refer to the average number 
of electrons involved in bond formation per monomer unit as nav. However, it is not 
clear to us, how the authors have been able to calculate this parameter. They have 
shown that there is a difference in the numbers of electrons consumed per monomer 
unit, nav, when the solutions are stirred compared to when they are unstirred (quiescent), 
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with the nav values for the quiescent solutions being significantly higher than those of 
the stirred solutions in all cases. Similarly, they showed that nav values depend upon the 
type of solvent. For the majority of the polymers synthesized the nav values were 
significantly higher than 2 and therefore provide evidence of high levels of substitution 
and therefore imply high levels of crosslinking. For one of the polymers formed a nav of 
7.57 is given by the authors. This would imply that 95 % of the monomer units are 
completely substituted (7.57/8 x 100 %) and imply an extremely high level of 
crosslinking. 
 
As stated earlier, such an approach was considered at an early stage in this work. 
However, it was felt that a reliable calculation of nav would be difficult to achieve. This 
is because the charge which flows during polymerization has several sources. Not only 
does charge flow occur due to bond formation and oxidation of the polymer, but it also 
flows due to Faradic charging and can also be the result of competing (parasitic) 
reactions that occur within the electrochemical cell at the same time as polymerization. 
 
It is still unclear as to how the authors of this work have calculated their nav values and 
whether they have taken into account Faradic charging and potential parasitic charge. It 
is difficult to see how a 95 % level of substitution of all positions within monomer is 
possible on stereochemical grounds. If their measurements and calculations are correct 
it would provide the first truly quantitative measurement of crosslinking within the field 
of conducting polymers and, although their study was undertaken for polythiophene, an 
identical approach would also be applicable to for polypyrrole. 
 
4.4 Other methods considered for making a direct assessment of crosslinking 
 
4.4.1 FTIR Spectroscopy 
 
There will be different vibrations for the pyrrole C-H bonds compared to the pyrrole C-
C crosslinked/branched bonds. On this basis, it might be thought that FTIR 
spectroscopy might be able to reveal increased levels of substitution within the pyrrole 
ring (loss of C-H signal) and that this would correlate with increased levels of branching 
and crosslinking. This approach has not been reported in the literature. When 
considering the feasibility of implementing such an approach it was decided that this 
would be unlikely. There are a number of issues, both general and specific to the  
chosen system (PPy(DBS)(aq)), that make the successful implementation of such an 
approach very difficult to achieve.  
 
In general the resolution possible with FTIR spectroscopy is less than that of other types 
of spectroscopy such as NMR. It would therefore be difficult to resolve pyrrole C-H and 
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C-C crosslinked/branched bonds from adjacent peaks originating from other parts of the 
molecule.  
 
It was considered that the best approach would be to monitor the decrease in the 
pyrrollic C-H peaks that would accompany increased substitution of the pyrrole ring 
and hence increased branching and crosslinking. To monitor the appearance of the 
peaks corresponding to C-C crosslinked/branched bonds would be more difficult given 
the large number of substitution patterns that can exist within polypyrroles
31
 in addition 
to the aromatic C-C bonds within the pyrrole ring itself. This would likely mean that the 
C-C vibrations corresponding to crosslinked/branched bonds would overlap with other 
C-C vibrations to form a broad complex unresolvable peak.  
 
For the chosen system, PPy(DBS), interference from the presence of both aliphatic and 
particularly aromatic C-H bonds that are present within the DBS dopant, would again 
mean that a change in the pyrrollic C-H signal would be difficult to observe due to the 
presence of these interfering peaks. These difficulties would likely be compounded by 
the fact that C-H vibrations tend to be of low intensity compared to other functional 
groups and can often be “hidden” by these larger/more intense peaks. 
 
In addition to these issues, the locations of the C-H and C-C crosslinked/branched 
bonds will change depending upon the oxidation level of the polymer. Given that the 
polymer chain can exist in either the neutral (aromatic) state or the oxidized (quinoid 
like) state, the vibrational frequencies of the bonds will be shifted to different 
frequencies. Given the fact that the polaron and bipolaron structures associated with the 
oxidized polymer move throughout the polymer network, this is likely to lead to further 
broadening and potential overlapping of peaks.     
 
Given these issues the decision was made not did not pursue FTIR spectroscopy as a 
potential means to monitor structural changes to the polypyrrole network, particularly 
due to the fact that the planned investigation was to focus on the use of DBS as a 
dopant. Having said that we have noted some difference in the pyrrollic C-H region for 
PPy(DBS) samples prepared using different polymerization potentials. 
 
The prospect of monitoring changes in crosslinking and branching using FTIR are more 
likely to be achievable using non-organic dopants such as perchlorate (ClO4
-
) and would 
be aided by studying the polymer in its neutral state
70
 (see Section D, 1.2 Further work). 
 
There exist the possibility of using FTIR spectroscopy to indirectly monitor changes in 
the levels of branching and crosslinking by using a method developed by Menon et al, 
capable of obtaining a qualitative measure of the conjugation length in polypyrrole
71
 
based upon the theoretical work by Tian and Zerbi
72,73
. Defects that interrupt 
conjugation include branching and crosslinking. Menon et al have used a parameter 
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called the effective conjugation coordinate to assess the levels of defects within 
template-synthesized polypyrrole tubules and fibrils. As the conjugation length is 
increased, the intensity of the antisymmetric ring stretching mode at 1560 cm
-1
 is 
predicted to decrease in its intensity relative to the symmetric mode at 1480 cm
-1
. As a 
result, the ratio of these intensities can be used to obtain a relative measure of the 
conjugation length. 
 
This approach could not be confidently used in this work, due to potential interference 
from the presence of DBS
-
 counter ions, which contain aromatic carbon atoms. 
 
 
4.4.2 NMR Spectroscopy 
 
Nuclear magnetic resonance spectroscopy (NMR) is arguably the most powerful 
technique for determining molecular structure available to a chemist. Samples are 
dissolved in a suitable solvent, giving a liquid sample. These samples, typically display 
highly resolved peaks which can be readily assigned to different parts of a molecule. 
Peaks within 1H NMR spectra are assigned on the basis of their location (relative to an 
internal standard such as tetramethylsilane (TMS)), area integrals, multiplicity and 
coupling constants. If peak assignment is not immediately clear, other NMR 
experiments can be performed to aid assignment. For example Distortionless 
Enhancement by Polarization Transfer (DEPT) can be used to determine the presence of 
methyl, secondary, tertiary carbon atoms in 13C NMR spectra. The interpretation of 
NMR spectra is often aided by other spectroscopic information, obtained from Fourier 
Transform Infrared Spectroscopy (FTIR) or from Mass Spectrometry (MS), such as the 
presence of specific functional groups or the molecular mass. This approach has been 
used in Section C, 2.2, of this thesis to confirm the structure of 3,4-dimethyl-1H-
pyrrole.  
 
When a sample is capable of being made soluble, such techniques are a powerful aid to 
structural elucidation and enable even subtle structural changes to be monitored. 
However, insoluble (intractable) samples such as polypyrroles are not amenable to such 
techniques. Although solid state NMR techniques exist and have developed greatly in 
the past decades, they yield spectra with broadened and overlapping peaks which are 
much more difficult to assign. To date solid state NMR spectroscopy has been used with 
limited success in the study of polypyrroles. 
 
The structure of polypyrrole has been studied in the solid state using high-resolution 
solid-state 13C NMR spectroscopy
74
. However, it was not possible to resolve the broad 
aromatic 13C signal because of its complexity. This was due the presence of a number 
of magnetically non-equivalent aromatic carbon atoms within the polymer backbone as 
shown in figure 2.7. 
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Wehrle et al were the first to attempt to obtain structural information using 15N labeled 
polypyrroles in order to obtain 15N spectra with a high signal-to-noise ratio
75
. This 
approach offers the prospect of producing much simpler spectra than those obtained 
using 13C NMR spectroscopy, with an NMR line corresponding to each of the 
structures in figure 2.7. Unfortunately, it was not possible for them to undertake a 
successful analysis of the 15N cross-polarization/magic angle spinning (CP/MAS) 
spectra in the solid state due to insufficient resolution. 
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Fig 2.7 PPy (a) aromatic form and (b) quinoid form.  
 
 
The 15N CP/MAS NMR spectra of doped and undoped 15N-labeled polypyrroles in the 
solid state, prepared by electropolymerization, have been measured by high-resolution 
solid-state NMR
76
. The authors of this study, used computer fitting to decompose the 
broad 15N signal into four peaks. They also made use of a quantum chemical 
calculation to assist in the assignment of three of the four decomposed peaks. The major 
peak at 129 ppm was assigned to the nitrogen atoms in the quinoid form, whereas the 
other major peak at 113 ppm was assigned to the aromatic form. It was also proposed 
that the most likely source of the minor peak at 145 ppm was due to nitrogen atoms 
which are bonded to hydrogen atoms approaching other hydrogen atoms bonded to 
different atoms. If correct, these structural assignments would allow an alternative 
approach to the determination of doping levels (ratio of quinoid to aromatic) within the 
15N-labeled polypyrrole films. However, as with all isotopically labeled compounds the 
kinetic isotope effect would be an additional complication that would need to be taken 
into consideration. 
 
The assignment of NMR peaks corresponding to alpha-alpha, alpha-beta and beta-beta 
either directly within 13C NMR solid-state spectra or indirectly within 1H NMR solid-
state spectra has not been reported in the literature. Had this information been available, 
along with information on the amount of end groups, it would allow an assessment of 
the extent of crosslinking and branching to be directly made. Unfortunately, this 
information is unavailable at present, and the prospect of a direct assessment of network 
structure (crosslinking, branching and end group) is currently out of reach. 
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In recent years the use of solid-state NMR relaxation techniques has been used to make 
an indirect assessment of the level of crosslinking within polymers. These techniques 
allow the levels of chain movements to be assessed, with a low degree of movement 
being indicative of a more rigid and more crosslinked polymer and visa versa. This 
approach has been successfully applied to the study of crosslinking changes in 
polymers, such as the curing of paints
77
 and the vulcanization of tyres
78,79
. However, the 
success of such techniques depends upon the ability to distinguish between an NMR 
signal that originates exclusively from the polymer network and those that originate 
from the other components of the polymer matrix. For example solid-state 13C NMR 
relaxation of polypyrrole would be complicated by interference from other organic 
compounds that might be present such as the dopant e.g. NaDBS. In other words, the 
technique “sees” all the carbon atoms within the polymer regardless of their source. 
Similarly, the presence of water within the polymer either through polymerization 
within aqueous electrolytes or through absorption of atmospheric moisture, would be a 
source of interference using solid-state 1H NMR relaxation. 
 
The successful use of solid-state NMR relaxation techniques in the assessment of 
crosslinking of polypyrroles has yet to be reported. However, such techniques have 
started to be applied to the study of crosslinking in other conducting polymers e.g. 
polyaniline
80
. In addition NMR imaging techniques have in recent years started to be 
used to assess crosslinking in polymers
81,82
. Despite the difficulties that would need to 
be overcome, such an approach may prove successful in the future. 
 
4.5 Nanoindentation 
In the work undertaken in this thesis two approaches have been used to monitor 
crosslinking levels. The first is by measuring the amount of irreversible expansion that 
occurs during actuation. This is the main finding from our work outlined in Section C, 
chapter 3, and will be discussed in-depth there. The second method that we have 
employed is commonly referred to as nanoindentation, which is a form of instrumented 
indentation. This method has been used in Section C chapter 4. Here we will review the 
method and outline the mathematics involved in calculating the elastic modulus and 
hardness using an approach known as the multiple point unloading method.    
For crosslinked polymers such as polypyrrole the density of crosslinking is strongly 
correlated to physical properties such as strength and toughness
57
. Both the elastic 
modulus (E) and hardness (H) of polymer films increase with increased levels of 
crosslinking
64,83,84
. In keeping with this, the resistance of the polymer to plastic 
deformation would also be expected to increase with crosslinking. The resistance of a 
polymer to undergo plastic deformation can be monitored by the extent of creep
65
 or the 
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ratio H/E
2
. These materials’ parameters can be determined using instrumented 
indentation / nanoindentation
85
. 
Nanoindentation allows the elastic modulus and hardness of films to be extracted from 
load-displacement measurements. The depth of penetration below the surface of the 
specimen is measured as the load is applied to an indenter. The known geometry of the 
indenter allows the size of the area of contact to be determined. The hardness of the 
specimen can then be from the area of contact and the corresponding load. The elastic 
modulus of the specimen can also be obtained from the “stiffness” of the contact, which 
is given by the rate of load and depth
86,87
. This approach, known as the multiple point 
unloading method or Oliver and Pharr method, is detailed in section 4.5.1. 
In general nanoindentation hardness testing is undertaken with either pyramidal or 
spherical indenters, of which there are several different types available, each with its 
own relative merits. In the work undertaken in this thesis a spherical indenter has been 
employed as this type of indenter is particularly suitable for measuring relatively soft 
materials such as polymers
85
.  
A spherical indenter is typically constructed as a spherical tipped cone (spherocone) for 
ease of mounting in the instrument. Only the very tip of the indenter is allowed to 
penetrate the surface of the specimen. Usually, a plot of hardness versus penetration 
depth is made and if there is a plateau in the hardness values, then this is taken as the 
hardness of the film. As a general rule when measuring hardness, the penetration depth 
of the indenter tip is kept to less than 10% of the film, the influence of the substrate on 
the development of the plastic zone within the film is negligible. This “10% rule” does 
not apply to the modulus determination, however it is generally considered to be a good 
place to begin. It is best to perform a series of indentations from very low load to a 
reasonably high load and then plot the elastic modulus versus the penetration depth. 
Extrapolating the data back to “zero depth” can provide a value of the modulus for the 
film only
88
. 
Another source of interference that needs to be taken into account when analyzing data 
is the presence of “pile-up”. The elastic equations assume that the contact circle is 
beneath the specimen surface (the surface “sinks in”). However, for some specimens 
material may be pushed upwards and be piled-up around the edges of the indentation. 
When this occurs more material is supporting the load than is assumed by the contact 
equations, with the result that the material appears harder and stiffer than it actually is. 
This behaviour can be corrected for during the analysis of the data and can be 
performed by instrument software (see section 4.5.2). 
Recently, films comprising gold nanoparticles crosslinked with organic dithiols of 
various lengths have been synthesised
89 
and studied using instrument indentation
90
. The 
use of instrumented indentation in this study has shown that shorter dithiol linker 
lengths results in an increase in both the elastic modulus and hardness of the films. This 
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corresponds to an increase in both the density of crosslinking and also the density of the 
gold nanoparticles. The increase in the elastic modulus is the result of increased 
crosslinking density caused by the use of shorter linker lengths. The increase in 
hardness with shorter linker lengths is due to the combined increase in the crosslinking 
density and the density of the gold nanoparticles. However, given the size of the 
nanoparticles, the primary source of the increase in the hardness will most likely be the 
increase in the crosslinking density.  
Changes in density can also cause changes in the hardness of the material, with 
increased density leading to increased hardness. In polymers increased density can 
occur due to the association of linear lengths of polymer in a process known as 
spherulization
91
. This results in a semicrystalline polymer containing crystalline regions 
known as spherulites. These structures can be observed under a microscope using 
polarized light and typically have a “Maltese Cross” shape as shown in figure 2.8. An 
increase in the crystalline content of a semi-crystalline polymer can lead to a greater 
tendency towards brittle fracture.  
(a) 
       
 
(b) 
         
 
Fig 2.8 (a) Structure of a spherulite (b) Microscope image of spherulites obtained using 
polarized light.  
The polypyrrole films that we have tested using instrumented indentation were first 
dried to remove absorbed water from the polymer. This was done so as to minimize any 
potential plasticising effects caused by the presence of water in the polymer matrix
50
. 
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4.5.1 Multiple point unloading method  
The multiple point unloading method developed by Oliver and Pharr uses the initial 
portion of the unloading curve to determine the hardness and elastic modulus of the 
specimen. Using this approach, the analysis procedure for a spherical indenter is 
outlined below
92
. 
For a given experiment comprising n indentation cycles there will be an associated total 
penetration depth ht at a load Pt and a partially recovered depth hs at a reduced load Ps 
(Ps would normally be 50% of Pt).  The depth hr of the residual impression relative to 
the original surface that would be made if the indenter were fully unloaded is calculated 
from: 
Hr = 
       
    
 
Where: 
r
Pt
Ps







2
3
 
The elastic component he and plastic component hp of the indentation at each 
indentation cycle can be calculated from: 
 
He = Ht - Hr 
Hp = 
     
 
 
 
 
The radius of the circle of contact a in the plane of the original surface at each 
indentation cycle is calculated from: 
 
a R Hp Hp 2 2. .  
 
Where R is the radius of the spherical indenter. 
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Hardness H, reduced modulus Er, at each load step can be calculated as follows: 
 
Hi = 
   
  
 = 
   
   
  
Eri = 
 
  
 
   
     
 
Where: i = 1 to n  
 
4.5.2 Sinking-in and Piling-up (SIPU) analysis 
Because of possible piling-up or sinking-in around the perimeter of the spherical 
indenter contact, the true radius of the circle of contact ar is related to a as determined 
above by the function ar = ca.  The c value can be determined from plotting log(Pti) 
verses log(ai), the slope giving Meyer's index (2+1/n), thus allowing c to be calculated 
as: 
c
n
n
2 5
2
2 1
4 1



 
Thus H and Er calculated above have to be corrected by the factors 1/c
2 and 1/c, 
respectively. 
 
5.0 Mechanism of electromechanical actuation 
There are a number of changes that occur when polypyrrole undergoes redox switching. 
These include the carbon-carbon bond lengths along the polymer backbone
93-96
, cis-
trans isomerism
97
, the angle between adjacent pyrrole units (the torsional angle) 
98,99
, 
polymer chain-solvent interactions
100
, folding of the polymer backbone
101 
and interchain 
interactions
102,98
. 
However, the principle mechanism by which actuation occurs is the movement of ions 
and solvent during redox switching. This mass transport of ions and solvent between the 
polymer and electrolyte is necessary in order to maintain charge neutrality within the 
polymer. A change in the electronic charge of the polymer must be compensated by an 
equivalent change in the amount of ionic charge. The polymer expands when ions and 
solvent (insertion) enter the polymer and contracts when they leave (deinsertion)
103-105
. 
It is possible for ions to move into the polymer during oxidation or reduction. There are 
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two possible modes by which polypyrroles can actuate. This is depicted by the 
equations shown in figure 2.9. 
In equation (1) the ions (a
-
) move into the polymer during oxidation and leave on 
reduction. The polymer therefore expands during the oxidation and contracts during 
reduction. This type of actuation occurs when the ions (a
-
) are small mobile ions such as 
Cl
-
. 
Equation (2) illustrates what happens when the ions (A
-
) are large immobile ions, such 
as DBS
-
. As the polymer is reduced (P
+
 → P0) cations (c+) move into the polymer from 
the electrolyte to compensate the charge originating from the large immobile dopant 
ions (A-), causing it to expand. On oxidation (P
0
 → P+) the reverse process occurs, with 
the large immobile ions (A
-
) compensating the charge on the polymer (P
+
(A
-
)) and the 
small immobile cations (c
+
) being expelled from the polymer, causing it to contract. 
 
P
+
(a
-
) + e
-
 ↔ P0 + a-    (1) 
P
+
(A
-
) + c
+
 + e
-
 ↔ P0(Ac)  (2) 
 
Fig 2.9 Equations depicting two modes of actuation for polypyrrole. Key: P
+
 = doped 
(oxidized) state of polymer, P
0
 = undoped (reduced, neutral) state of polymer, P
+
(a
-
) = 
small mobile anion (a
-
) incorporated as dopant in polymer, P
0
(Ac) indicates that the 
cation (c
+
, co-ion) is inserted during reduction to compensate charge on the large 
immobile anion (A
-
).  
Typically the ions that are inserted and deinserted are solvated and this increases the 
amount of strain compared to when the ions are not solvated. In addition, non-
coordinated solvent (solvent not associated with the ions) can enter the polymer via 
osmosis. The movement of solvent into the polymer in this way causes it to expand 
(swell) irreversibly
48,49
. 
 
6.0 Techniques used in the assessment of volume change 
Several different approaches have been used in the literature for the assessment of 
volume change in polypyrrole. However, considerable differences in the levels of strain 
have been reported. Estimates have ranged from less than 1 % to as much as 120 %. 
Strains of up to 2% have been reported for freestanding films of polypyrrole doped with 
benzenesulphonate, in a direction parallel to the surface of the film
106,107
. These in-plane 
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strains were determined during electrochemical redox using a displacement transducer 
and a servo-controlled actuator. 
In-plane strains have also been determined indirectly using a bending bilayer. Provided 
the elastic moduli and thicknesses of the bilayer are known, the degree of bending can 
be related to the strain by making a number of assumptions about the mechanical 
behavior. Using this method the in-plane strains of polypyrroles doped with a number of 
different anions has been undertaken
108
 and values of up to 3.4% where obtained. Two 
studies
109, 110
 have estimated the in-plane strain during reduction for polypyrrole 
dodecylbenzenesulphonate as being 1.7 % and approximately 2 %. 
Another approach
111
 that has been used to determine strains of polypyrrole films is to 
measure the thickness and area of the films before and after actuation. A difference of 
10%, in all directions (in-plane and out-of-plane), was reported for polypyrrole 
perchlorate films after the first complete actuation cycle. This value is significantly 
higher than those reported by the other authors above. However, the volume change 
during the first electrochemical cycle is known to be anomalous and is typically higher 
than in subsequent cycles. The volume change for polypyrrole benzenesulphonate 
during the first electrochemical cycle was found to be more than twice as large as 
observed for later cycles
106
. 
A different approach has been the determination of the mass and density of oxidized and 
reduced films of polypyrrole perchlorate after their removal from the electrochemical 
cell and drying
112
. These authors noticed that whilst the mass increased by 35% on 
reduction, the density remained constant. They then concluded that the volume change 
must therefore also be 35%. 
Other methods for making volume change estimates have been reviewed (Baughman et 
al). One method based on gravimetrical studies which determined the change in volume 
and weight of the film with charge, has given estimates of 120% for the volume change 
of polypyrrole
113
. 
Atomic force microscopy (AFM) has been used to investigate the actuation of 
polypyrroles. The absolute average z-piezo voltage has been monitored whilst scanning 
thin polypyrrole perchlorate film (620 nm) during redox cycling
114
. Their results 
showed a decrease in the film thickness during oxidation, a fact that is not in keeping 
with the known expansion of polypyrrole films employing small mobile anions such as 
perchlorate, during oxidation. In addition, the volume changes that they observed were 
not regular. These authors used the same approach to make volume change 
measurements on polypyrrole para-toluenesulphonate films. These results were an 
improvement on those undertaken on polypyrrole perchlorate films, in that the signs of 
the measured volume changes were in keeping with, in this case, the use of a relatively 
large immobile anion. They observed an initial increase of 10% during the initial 
reduction cycle which slowly decreased by 5%. During the subsequent oxidation cycles 
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they observed the volume to decrease by 5%. Again, however, the behaviour was not 
regular. 
AFM has been used to study the out-of-plane strain of PPy(DBS)
51
, where it has 
essentially been used as a profilometer to monitor height changes both prior to actuation 
and also during subsequent redox cycles. The method allowed real-time volume 
changes to be monitored in-situ in the out-of-plane direction. This technique showed 
that the thickness of PPy(DBS) increased by 35% in the reduced state compared to the 
oxidized state in the out-of-plane direction. This reveals that the volume change of 
PPy(DBS) is anisotropic, with the in-plane strain being approximately 2%, found in 
prior studies using the bending beam method. 
This last study by Smela et al on PPy(DBS) is particularly relevant to the work 
presented in this thesis, also undertaken on PPy(DBS). This is not only because we have 
studied the same type of polypyrrole, but also because their technique like ours, 
determines the out-of-plane strain for films over a similar range of thicknesses. 
In summary, it can be said that there have been many factors that have likely 
contributed to the variation in strains that have been reported in the literature for 
polypyrrole. One factor is the type of polypyrrole that has been studied, in particular the 
form of dopant that has been used, whether it is a small mobile dopant or a large 
immobile dopant. A second factor is whether the values reported are volume changes, 
in-plane strains or out-of-plane strains. This can lead to considerable differences as 
illustrated by the anisotropic expansion of PPy(DBS). A third factor will undoubtedly 
be due to the use of different techniques to obtain the reported values.   
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Section C  Research contribution:  
 
1.  The development of laser-scan micrometry to characterize the 
electroactive performance of micro-actuating films 
 
1.1 Experimental details 
1.1.1 An overview of the laser micrometry setup 
 
A laser scan micrometer (LSM) was used to make rapid, non-contact, dynamic 
measurements of the strain of polypyrrole films grown on a gold wire working electrode 
and actuated in an electrolyte. The actuations of the polymer films were controlled by 
means of a potentiostat (Metrohm µAUTOLAB III) and associated software (GPES). 
The laser scan micrometer (Mitutoyo LSM-501H) was controlled my means of a 
display unit (Mitutoyo LSM-6100) and the output signal was fed to the potentiostat 
where it was recorded simultaneously with the EC experiments. The setup is shown 
below in figure 1.1 
 
    
 
Fig 1.1 Actuation measurement equipment: 1. PC running GPES software, 2. 
Potentiostat, 3. LSM display unit, 4. Electrode support table, 5. LSM, 6. Lab jack, 7. 
Electrochemical cell. 
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The LSM was side mounted and securely positioned by means of a supporting frame to 
which anti-vibration gel feet were fitted to the base. An electrically insulating electrode 
support table was positioned above the LSM and also secured to the frame. This support 
was capable of x-y-z movement and allowed the precise positioning of the electrodes 
used during polymerization and actuation measurement. A lab jack was used to raise 
and lower the electrochemical cells facilitate their exchange.  
 
 
1.1.2 The laser-scan micrometer 
 
Unlike light emitted from a natural source, a laser provides extremely fine, rectilinear 
beams which do not diffuse (coherent light beams). 
Using the properties of the laser beam, the LSM moves a scanning laser beam over the 
work piece and determines its dimensions by measuring the duration in which the beam 
is obstructed by the work piece. The beam not obstructed will reach the photoelectric 
element through the condenser lens and induce an output voltage. The output voltage 
will change according to the duration over which the laser beam is obstructed. Counting 
pulses generated during that period are used to determine the dimension of the 
obstructed portion. 
 
 
 
Fig 1.2 Mitutoyo LSM-501H Laser Scan Micrometer. 
 
The LSM employed in this work is shown in figure 1.2 and makes 1600 scans each 
second (6.25 x 10
-4
s/scan) and can measure dimensional changes of up to 50 m with a 
resolution of 0.01 m and repeatability of ±0.05 m. 
When the LSM is used in its highest resolution setting, the measurement region is a 
plane with dimensions of 2 mm x 10 mm. The position of this plane is illustrated in 
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figure 1.3. The work piece needs to be placed within ±1 mm (optical axis) and ±5 mm 
(scanning direction) of the centre of the measuring region. As can be seen, the location 
of this region is not symmetrically located and it would be very difficult to position the 
work piece with accuracy without assistance from the LSM control unit. A LED display 
on the front left hand side of the display unit allows the correct positioning of the work 
piece (working electrode) in the scanning direction. When the electrode is outside the 
measuring region of the LSM an error message is displayed. When brought into the 
measuring region nine of the red LED bars are lit up, a diameter reading is displayed 
and the error message disappears. As the electrode is moved in the scan direction by 
means of the support table, different combinations of nine LED lights light up to 
indicate the position of the electrode with respect to the centre of the measuring region 
(position of most accurate measurement). Once located in the centre, all ten bars of the 
LED display light up and a stable and precise diameter reading is displayed. The 
positioning of the work piece in the optical direction was achieved by moving the 
electrode support table in the optical direction in conjunction with the “shift-read” mode 
of the LSM display unit. By minimizing the diameter reading displayed on the unit in 
this mode, the electrode can be located in the region of accurate measurement. 
a) b) 
 
 
       
 
      
 
 
      All measurements in mm 
Fig 1.3 The (a) size & (b) location of the LSM’s region of most accurate measurement.  
 
The LSM was calibrated prior to use for the first time in accordance with the 
instructions outlined within the operating manual. This was done by means of a 
calibration gauge set purchased from the supplier (Part No: 02AGD120). Both the 
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“with-holder type” and “straight type” calibration gauges that were used are illustrated 
in figure 1.4. The use of two types of gauges allowed calibration at the lower and upper 
end of the range of the instrument. Both the known and measured diameter readings 
were input and stored in the calibration mode of the LSM display unit. Subsequent 
checks using the calibration gauge at regular intervals showed that the LSM possesses 
excellent stability and after the initial calibration no further calibration was necessary 
during the course of this work. 
The LSM windows were regularly cleaned in accordance with the cleaning procedure 
outlined in the operator manual, to deter any debris from building up on the window and 
producing noise in the measurements. Dust falling into the laser during measurement 
can also be a cause of interference in some environments. A secondary role of the 
electrode support table is therefore to act as a dust cover. The sliding protective covers 
were kept in place at all times to protect the windows from damage during measurement 
and slide across the windows between measurements and when not in use. 
 
         
 
 
Fig 1.4 Calibration gauges used to calibrate the LSM. 
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1.1.3 Electrodes 
1.1.3.1 Construction of working electrodes  
 
Gold working electrodes (AuWE) were constructed using gold wire of approximately 
500 m diameter. The gold wire was electrically insulated for most of its length but had 
an exposed length of 10 mm towards its lower end, on which polymer films were grown 
(see fig 1.5(a)). In addition to providing a surface for polymer growth the gold working 
electrode provided a means to position the film precisely within the measurement region 
of the LSM. 
The gold wire used in the construction of the working electrodes was obtained from 
Goodfellows, UK, and was supplied in the form of a coil. It was necessary to straighten 
the wire prior to use. A 45 mm length of gold wire was taken from the coil using wire 
cutters and partially straightened by carefully drawing with one gloved hand between 
the thumb and forefinger of your other gloved hand, so as to bend it in a direction 
counter to its curvature. Further straightening was achieved by rolling the wire section 
on a flat surface with a metal rule. Final straightening was achieved by gripping either 
end of the wire with a pairs of pliers and applying just enough force as to straighten the 
wire. Any damaged wire that had been caused by holding the ends of wire with pliers 
during the straightening procedure was removed using wire cutters. With care this could 
be limited to 2-3 mm. 
 
Next, two pieces of electrically insulating heat-shrink coating were cut. The first piece 
was cut to a length of 2 mm and shrunk to fit the tip of the wire, using a hot air gun. The 
next piece was cut to a length of 25 mm and was positioned exactly 10 mm from the 
position of the first piece and shrunk to fit, so as to leave a 10 mm exposed section on 
which polymer could be grown. This left an additional exposed section of wire of 
approximately 5 mm at the end, available for soldering. The plastic coating allowed the 
wire to be aligned and held in place in the electrical connector until it could be more 
securely held by soldering. Care was taken to ensure that a good electrical contact was 
established. Heating the metal end of the connector by touching with the heated end of 
the soldering iron for 2-3 seconds prevented the molten solder from solidifying before it 
could fill the connector and make full contact with the exposed surface of the gold wire. 
If the wire moved during this procedure, the solder could be melted again by contact 
with the hot tip of the soldering iron and the wire repositioned to ensure it was straight. 
Although gloves were used at all stages during the construction, the lower half of the 
electrode was cleaned with TL1 wash as a precaution against contamination in 
accordance with the procedure outlined in section 1.1.6. 
 
All wire electrodes were checked to ensure that they were straight using a microscope as 
illustrated in fig 1.5 (b). The wires were typically off the central axis of the electrode by 
an angle of 0.25
o 
or less.  
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(a) (b) 
 
     
 
Fig 1.5 (a) A gold working electrode (AuWE) (b) Microscopic confirmation of the 
“straightness” of the AuWE. 
 
With practice a working electrode could be constructed in approximately 30 minutes. 
Electrodes were reused as much as possible, not only because of  the cost of the gold 
wire  and the time taken to construct them, but also to aid in the reproducibility of  the 
growth of films to a precise thickness. It was necessary to store the electrodes in plastic 
containers to prevent them from being damaged. These containers were conveniently 
made by cutting the end off a large plastic pipette and using the bulb end as shown in 
figure 1.6.  
           
 
Fig 1.6 Storage of AuWE to protect from damage. 
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1.1.3.2 Construction of counter electrodes 
A cylindrical gold counter electrode (CE) was used for the polymerization of PPy films. 
This shape of electrode produces a uniform coating of polymer on the wire
114
. 
These were constructed by first depositing a layer of chromium (30 Å) onto an acetate 
sheet. This formed an adhesion layer onto which gold (2000 Å) was then deposited. 
This flexible sheet material was cut to an appropriate size and shape and folded to form 
a cylindrical CE as illustrated in figure 1.7. The cylindrical CE was cut so as to exactly 
fit the inner surface of the polymerization cell. This design allowed the cell volume to 
be minimized, reducing consumption of reagents, whilst still allowing sufficient space 
to position both the working electrode and reference electrode at/near the centre of the 
cell. It also proved to be very economic alternative to the costly cylindrical gold gauze 
CE available commercially. 
   
     (a) Cut to correct size and shape             (b)  Folded into a cylinder         (c)  Inserted into cell  
 
Fig 1.7 Stages in the construction of a cylindrical CE used for polymerization. 
 
The CE used during actuation had different requirements and therefore had a different 
design. The electrode was obtained from Ti-shop (www.ti-shop.com) and made from 
platinised (2.5 m) titanium mesh sheet. The electrode was flat and rectangular in shape 
and had the dimensions shown in figure 1.8(a). This allowed the CE to be positioned to 
one side of the actuation cell so that it did not obstruct the laser and interfere with LSM 
measurement. 
To ensure that an accurate potential could be supplied to the electrochemical cell during 
both polymerization and actuation, a reference electrode was employed.  The 
silver/silver chloride (Ag/AgCl) reference electrodes that were used were obtained from 
BASi, UK (see figure 1.8 (b)). Three Ag/AgCl electrodes were used. One was used 
exclusively for polymerization and a second used exclusively for actuation 
measurement. When not in use, the tips of the electrodes were kept immersed in 3M 
NaCl (aq). This was necessary to prevent the Vicor membrane from drying out and to 
41 
 
ensure the inner solution was kept uncontaminated and of the correct concentration. 
These electrodes have a life of 6-12 months depending upon the frequency of use and 
how carefully they are looked after. The third Ag/AgCl RE was kept exclusively to 
regularly check on the performance of the other Ag/AgCl REs. 
When preparing a new Ag/AgCl RE it is important to follow the manufacturer’s 
instructions. In particular, great care needs to be taken when removing the protective 
yellow coating off the end of the electrode so as to not damage the Vycor porous 
membrane. In addition it is important that after soaking the electrode for 24 hours, any 
bubbles that develop above the Vycor membrane are dislodged by tapping the base of 
the electrode whilst held vertically. In this way any bubbles float upwards away from 
the membrane.  
 
(a)                                                           (b) 
             
 
Fig 1.8 (a) Pt coated Ti gauze CE used for actuation   (b) Ag/AgCl RE (BASi, MF-
2078)  
 
1.1.4  Reagents 
 
Polymerization solutions were prepared using pyrrole (Py), sodium dodecylbenzene 
sulphonate (NaDBS) and deionized water.  
 
Pyrrole was obtained from Sigma Aldrich (reagent grade, 98%), purified using vacuum 
distillation, stored under nitrogen in small amber-glass vials and kept within a freezer. 
Py could be kept pure in this way for a year or more. When opened to remove pyrrole, 
the remaining Py was stored once again under nitrogen and quickly returned to the 
freezer. The use of small vials is advisable as they are typical opened only 3-4 times 
before their contents are consumed, limiting exposure to light and air. 
42 
 
 
Two different sources of NaDBS were used. One of these was obtained from Sigma 
Aldrich and the other from TCI Europe. The NaDBS obtained from Sigma Aldrich was 
used exclusively for preparing actuation solutions as it has been shown to contain a 
mixture of isomers and is less suitable for use in preparing polymerization solutions
115
. 
The NaDBS obtained from TCI Europe was used exclusively to prepare polymerization 
solutions as it is of higher purity, containing more straight chain isomer as opposed to 
the branched.  
 
Great skill is needed when preparing aqueous solutions of NaDBS as it foams very 
easily. This is particularly the case when attempting to get it to dissolve and when 
transferring solutions. When Py is first transferred to an aqueous solution it will 
typically form an immiscible layer on the surface. When transferred to a volumetric 
flask, this layer is broken up and largely dispersed by carefully inverting the volumetric 
several times. The Py was completely dissolved by sonocating for five minutes. 
 
The 0.1M NaDBS (aq)(Sigma Aldrich) solutions prepared for use in actuating, are very 
stable and can be stored without decomposition for many months even at room 
temperature. However, polymerization solutions are more prone to decomposition 
because they contain Py, and were freshly prepared and used immediately. These 
solutions can be stored for a couple of days provided they are stored in the fridge when 
not in use. If the solutions are stored for longer than this they start to turn a black-green 
colour. In addition, cold solutions required at least half an hour with gently stirring to 
allow any precipitated NaDBS to re-dissolve and for the solution to warm up and reach 
room temperature. In this work polymerization solutions were freshly prepared when 
needed. Any solution remaining was safely disposed of at the end of the day.      
 
 
1.1.5 Electropolymerization of polypyrrole films 
Polypyrrole films were polymerized at a constant potential of 0.55 V vs. Ag/AgCl in 8 
ml of aqueous electrolyte of 0.10 M Pyrrole and 0.1M NaDBS. The polymerization cell 
was cylindrical with a diameter of 2 cm and volume of 10 ml (see figure 1.9). The 
AuWE was correctly positioned so as to be within the region of most accurate 
measurement. The Ag/AgCl RE was rinsed with de-ionized water to remove any traces 
of 3M NaCl storage solution and then positioned so as to be a few millimeters away 
from the AuWE with its tip level with the edge of the upper insulated part of the wire. 
In this location the RE did not obstruct the beam of the LSM.  
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Fig 1.9 Polymerization cell (depicted in lowered position). 
 
 
The thickness of the polymer films were determined by calculating the change in the 
radius of the gold working electrode after polymer film was grown on its surface. To 
ensure that the LSM beam continued to make measurements on the same part of the 
working electrode, the polymer films were grown in-situ in the instrument by 
immersing the working electrode into the polymerization cell by means of a lab jack. 
The position of the working electrode within the LSM beam remained unchanged 
throughout the course of the all subsequent measurements. 
 
The growth of films to a specific thickness was done by monitoring the amount of 
charge that flowed corresponding to a change in thickness (radius). It was necessary to 
proceed cautiously when polymerizing films as it was found that the consumption of 
charge was only approximately linear. One possible reason for this is that part of the 
charge that flows is being used to charge the growing polymer layer (Faradic current). 
Each time the polymerization process is stopped and restarted (see next paragraph) the 
polymer film will undergo a charging-discharging cycle. However, a linear relationship 
did prove to be a useful approximation when estimating growth rates. 
 
Initially polymerization was started and stopped after approximately 80 percent of the 
estimated charge had flowed to achieve the required thickness. The true thickness was 
then accurately determined using the LSM and was used to calculate a better estimate of 
the charge flow required to achieve the target thickness, based upon initial growth rate. 
Polymerization was restarted and paused again after 80 percent of the remaining charge 
had flowed to give the required thickness. The actual thickness of the film was again 
determined using the LSM and the growth rate re-calculated to give a more accurate 
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estimate of the current growth rate. This process was repeated until the target thickness 
was achieved. With practice, films could be precisely grown after stopping and re-
starting 3-4 times. 
 
A rinsing and drying procedure was found to be necessary to ensure that film thickness 
measurements made during polymerization were accurate. This involved lowering the 
polymerization cell by means of the lab jack (see figure 1.10), carefully removing it and 
replacing it with a small beaker containing de-ionized water. This was then carefully 
raised to re-immerse and rinse the lower portion of the working electrode supporting the 
polymer film. The electrode was immersed for 20 seconds in the de-ionized water 
before it was carefully lowered to allow the electrode to air dry prior to thickness 
measurement. Five minutes was used for intermediate thickness measurement and eight 
minutes for final thickness measurement. All timings were done by means of a 
stopwatch with an alarm function to ensure a consistent procedure. The Ag/AgCl RE 
was stored during this time in a 0.1 M NaDBS (aq) solution to prevent the Vycor 
membrane from drying out or developing bubbles.  
 
             
 
Fig 1.10 Film thickness measurement. 
 
The RE was returned to its position in the support table, the polymerization cell placed 
on lab jack and carefully raised to immerse the electrodes, in preparation for further 
polymerization. A period equal to that used during the drying stage was allowed for the 
film to re-equilibrate with the electrolyte, before polymerization was recommenced.   
 
These steps were necessary in order to prevent NaDBS deposits forming on the polymer 
film during the drying phase and giving too large a diameter reading. A drying period of 
8 minutes was found to be optimal for stable diameter measurement as shown by figure 
1.11. The rapid decrease in diameter initially observed, corresponds to surface run-off 
of bulk deionized water and the slower decrease to evaporation of adsorbed surface 
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water (1-8 min). Above 8 minutes there is a very slow decrease (less than 0.1 m /5 
min) which likely corresponds to the loss of moisture from within the polymer film. The 
decrease in thickness between 1-8 minutes represents a change of only 1 % for the 
10m films shown in figure 1.11. It has been shown51 that fully air dried PPy(DBS) 
films of approximately 10m (11.5 m) thickness expand by 11 % on re-immersion in 
0.1M NaDBS(aq). The decrease in diameter within the first eight minutes was therefore 
taken to represent bulk surface run-off followed by evaporation of water adsorbed on 
the surface and not from within the film itself. 
 
 
 
 
Fig 1.11 Determination of optimal air drying times for 10 m PPy(DBS) films. Inset 
showing detail. 
 
Polymer films were grown to three different thicknesses (1, 5 and 10 m) to obtain 
“baseline” performance data with which different forms of polypyrrole could be 
compared, but this also allowed the affect of film thickness on actuation to be 
investigated. Three replicate samples were produced at each thickness. 
 
Polymerization curves (current-time graphs) obtained during polymerization were used 
to check that no unusual behaviour had occurred during polymerization e.g. instability 
or discontinuities. A typical current-time graph is shown in figure 1.12 (a) (shown 
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overleaf). After an initial surge of current (double-layer capacitive charging) these 
curves typically display a stable period, in which there is a relatively constant current, 
and corresponds to the growth of good quality films. Figure 1.12 (b) is the first cyclic 
voltammetry scan for the electropolymerization of PPy(DBS) and indicates that 
polymerization starts around 0.45 V and increases linearly up to 1 V.  
 
 
1.1.6 Actuation of polypyrrole films 
 
The basic principle of how a LSM is used to measure actuation is illustrated in fig 1.13 
(a). The LSM repeatedly scans a line in one direction at high speed, giving the 
appearance of a rectangular beam, which is received by the detector. In a sense, the 
polymer coated working electrode casts a shadow equal to its diameter on the LSM 
detector. As the polymer film expands or contracts the shadow cast on the detector 
changes accordingly. 
 
The diameter of the WE is displayed on the LSM display unit and received by 
potentiostat by means of a second signal (voltage signal).  This information is displayed 
as a displacement-time graph by the potentiostat’s GPES software. The change in the 
diameter of the polymer coated wire is recorded together with the current which flows 
during actuation. Both sets of data are plotted on the same graph, with the current axis 
displayed on the left-hand-side and the second signal (change in diameter) axis being 
displayed on the right-hand-side.    
  
The actuation cell had different requirements to the polymerization cell. The cell was 
made of transparent plastic and had a rectangular cross-section with opposite faces that 
were parallel (see Figure 1.13(b)). This allowed the LSM beam to be incident normally 
and pass through the cell without being refracted by the plastic walls of the container or 
the electrolyte used to actuate the polypyrrole film. It had a width of 3 cm and a volume 
of 50 ml. The cell was cleaned thoroughly after use with deionized water and stored 
appropriately. At all times fresh gloves were worn to avoid transfer of dirt and grease to 
the outside of the cell when handling. Great care was taken when transferring electrolyte 
to the cell to prevent electrolyte from making contact with the outside of the cell. The 
electrodes employed were the same as those used during polymerization with the 
exception that the counter electrode was a rectangular platinum coated titanium gauze 
electrode of 2.5 cm width. This was positioned to one side of the cell so as not to 
obstruct the LSM beam. The Ag/AgCl reference electrode was positioned near to 
working electrode but above the plane of the LSM beam. Actuation was undertaken in 
40 ml of 0.10 M NaDBS(aq) electrolyte which was at room temperature and had been 
filtered through a 0.2 m filter to remove any potential particulate matter than might be 
present. 
 
47 
 
(a)  
     
 
 
 
(b) 
        
 
 
Fig 1.12 (a) A typical polymerization curve for PPy(DBS) polymerized at a constant 
potential of 0.55V Ag/AgCl  using 0.1M Py/0.1M NaDBS(aq) to a thickness of 10 m. 
(b) Cyclic voltammetry scan (scan 1, 0 to 1 V) for the polymerization of PPy(DBS) 
using 0.1M Py/0.1M NaDBS(aq). 
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The position of actuation cell was carefully adjusted so as to ensure that the laser is 
incident normally on the front and rear faces of the cell. A small rectangular set square 
was used to position the cell. The “shift-read” function on the LSM was then used along 
with fine adjustments to the cells location (by raising and lowering the lab jack) so as to 
minimize the diameter reading. This corresponded to the diameter reading that had 
previously been made in air using the LSM.  
 
(a)       
     
 
(b) 
    
 
 
 
Fig 1.13 (a) Schematic of actuation cell (b) Photograph of actuation cell. 
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In order to make this process easier a specially designed actuation cell was made having 
a plastic base with parallel walls separated from each other the same distance as the gap 
between the laser generator and detector of the LSM as shown in figure 1.14 (a). This 
allowed the cell to be precisely located by simply sliding the cell into position within 
the gap as illustrated in figure 1.14 (b). 
 
        (a)             (b) 
 
       
 
Fig 1.14 (a) Specially designed actuation cell (b) Actuation cell precisely located within 
the LSM by means of an exactly fitting base. 
 
Cyclic voltammetry for PPy(DBS) grown in 0.1M pyrrole/0.1M NaDBS(aq) shows  a 
reduction peak at ~ -0.70 V vs. Ag/AgCl and an oxidation peak at ~ -0.35 V vs. 
Ag/AgCl. A suitable switching potential of 0 V (oxidation) and -1 V (reduction) vs. 
Ag/AgCl was selected and used for all samples (see figure 1.15 below). 
            
      
 
 
Fig 1.15 Cyclic voltammetry scan illustrating the oxidation and reduction peaks for 
PPy(DBS) to aid in the selection of suitable switching potentials for actuation. 
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Cycling times were chosen to ensure that there was enough time for maximum 
reversible expansion and contraction to occur. A total cycle time of 400 s (0 V (200s),  
-1 V (200s)) was found to be suitable for the range of films employed. 
 
The actuations of the polymer films were controlled by means of a potentiostat 
(Metrohm µAUTOLAB III) and associated software (GPES).  
 
An actuation procedure was written using the GPES software and stored so that 
identical conditions could be used for all samples. When reused, only the sample ID 
was changed so that the data could be uniquely identified and stored without 
overwriting previous sample data.  
 
It was very important to ensure that the maximum number of data points (< 10000) 
allowed for the software was not exceeded, otherwise the data would not be stored. This 
was done by setting an appropriate data point interval, which was determined by 
calculating the total time required for the intended actuation sequence by 10000, and 
ensuring that the interval input into the procedure was close to, but less than this value. 
For long actuation sequences (hours) this means having a low sampling frequency and 
thus fast processes (1-2 s) could not be recorded without combining more than one 
procedure.     
 
The actuation procedure was written to ensure that a potential of 0 V was initially 
applied to condition the polymer film and to assess the level of instability and noise 
prior to actuating the polymer as well as to establish a baseline of the 
expansion/diameter/layer thickness. The actuation procedure could be stopped and 
restarted at any time during this initial 200 s interval, but not afterwards as once the 
polymer starts to actuate it undergoes irreversible expansion and the position of the 
baseline will be different. This was often necessary to allow more time for the newly 
polymerized films to stabilize. Once actuation was started it was undertaken until the 
actuation profile reached a “stable state” (maximum irreversible expansion). 
 
Prior to actuation it was very important to correctly set the LSM display unit. In 
particular it was necessary to ensure that a reference diameter was appropriately input 
and stored. This was set to a value that was expected to be in the middle of the range for 
the diameters determined by the LSM during the actuation sequence. This was set to be 
several microns above the initial diameter of the actuator at the start of the actuation 
sequence. For example, if the initial diameter reading was 510 m, a suitable reference 
diameter would be 513m. If the reference was not set appropriately, the actuation 
sequence would risk exceeding the measurement range of the LSM. On the highest 
resolution setting, this range is 40 m (mid range reference ±20 m). 
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It was very important to remember to press the “continuous run” button on the LSM 
display unit in order to ensure that data was transferred to the potentiostat (second 
signal). If this is not done data from the LSM is not sent to the potentiostat for storage.  
 
Full details of the settings for the potentiostat and LSM display unit are given in 
Appendix 1. 
 
The WE was prepared for re-use by placing the lower part of the polymer coated 
electrode in TL1 wash (H2O:NH4OH:H2O2 = 5:1:1) maintained at 80 
0
C. This typically 
took 20 minutes with the aid of a cleaning stick to physically remove material. The 
electrodes were then thoroughly rinsed with deionized water to remove traces of TL1 
solution and carefully dried with a nitrogen gun. The cleaning procedure did not have 
any adverse effect on the insulating coating. 
 
1.1.7 Validation of the laser micrometry set-up 
 
The LSM was calibrated as described in section 1.1.2 using the calibration gauge set 
supplied by the manufacturer. This calibration was undertaken by measuring the 
diameter of the gauges in air. However, since actuation measurements were undertaken 
in 0.1 M NaDBS aqueous electrolyte, it was important to determine whether the 
readings made by the LSM in air were the same as those made in electrolyte. 
Early on in the development of the LSM set up, diameter measurements made using the 
LSM were compared, in both air and electrolyte, with those made using a Nikon 
microscope. Table 1.1 compares the typical readings made. Measurements were initially 
undertaken on a bare Au wire (row 1) and again after a layer of PPy had been deposited 
for approximately two hours.  
 
 
Sample 
 
 
Nikon (air) 
/m 
 
 
Nikon (electrolyte) 
/m 
 
LSM (air) 
/m 
 
LSM (electrolyte) 
/m 
 
Au wire 
 
 
500.42 
 
500.96 
 
501.60 
 
501.5 
 
PPy coated 
Au wire 
 
 
528.91 
 
528.10 
 
528.64 
 
528.7 
 
 
Table 1.1 A comparison of LSM measurements with those made using a Nikon 
microscope. 
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Although, the readings made by the LSM were in agreement within the measurement 
error of the microscope, the comparison was not without difficulties. Making diameter 
readings first with the LSM and then with the microscope required the wire to be 
transferred from one instrument to the other. Therefore, it was very difficult to ensure 
that the same cross-section of the wire was being measured and compared using both 
techniques. It proved very difficult to focus on the edges of the wire, particularly within 
an electrolyte, and to accurately position the lines either side of the wire, between which 
diameter measurement was made (see figure 1.16). Another issue was that the resolution 
and measurement accuracy of the microscope was less than that of the LSM. 
 
         
 
        
 
Fig 1.16 Diameter measurements made (a) in air on AuWE and (b) in 0.1M NaDBS(aq) 
on a polymer coated AuWE. 
Having calibrated the LSM we were confidence in the LSM ability to accurately 
measure wire diameters in air, and we decided that it was reasonable to validate 
measurements made in aqueous electrolyte with those made in air, using the LSM itself. 
The diameter of the AuWE was first measured within air in the absence of the actuation 
cell and then repeated immersed in 0.1 M NaDBS(aq) within the actuation cell. 
Measurements of the same cross-section of the wire were possible by positioning the 
electrode using the electrode support table and not moving it between air and electrolyte 
readings. The lab jack was use to carefully raise and lower the cell into position. Once 
the actuation cell had been correctly aligned, the measurements in air and electrolyte 
were found to be in agreement to within ± 0.10 m. 
Measurements were also made in air and electrolyte at both the start and end of an 
actuation sequence for comparison. A typical result is shown in table 1.2. Again these 
show that there was very good correspondence between the air and electrolyte 
measurements. However, to obtain such good agreement the actuation cell needed to be 
carefully aligned to ensure that the laser is incident normally at the front and back walls 
of the cell. 
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Position in actuation sequence 
 
 
Diameter / m 
(in air) 
 
 
Diameter / m 
(in liquid) 
 
Start 
 
 
512.45 
 
512.39 
 
End 
(Stable state) 
 
 
526.62 
 
526.53 
 
Table 1.2 LSM readings made in air and electrolyte at the start and end of an actuation 
sequence. 
 
1.2 Results and discussion 
1.2.1 General features of actuation sequences 
The typical actuation sequence for PPy(DBS) displayed in figure 1.17 reveals that the 
strain has both a reversible and an irreversible component. The reversible component is 
represented by the cyclic (up and down) movement of the actuation curve, whereas the 
irreversible component is evident from the upward drift of the sequence as a whole. It is 
the reversible component that allows the polymer to behave as an actuator. In contrast, 
the irreversible strain is undesirable from the point of view of an actuator and should be 
minimized. 
         
Fig 1.17 A typical actuation sequence profile. 
Both the reversible and irreversible strain increase with cycle number, to a maximum 
stable state, but over different time scales. The reversible strain increases to a maximum 
value over approximately ten cycles under the cycling conditions employed in this 
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work. In contrast, the irreversible strain can take many tens of cycles to reach a 
maximum. When considering the behaviour that can be expected for an actuator in 
service, it is data obtained during the stable state that will be most representative of long 
term performance. 
The greatest increase in the irreversible strain can be seen to occur during the first cycle 
and is well documented
116
. A hypothesis given to explain this is that water enters the 
film during the first reduction cycle scan and remains there during re-oxidation. 
 
(a) 
 
(b)
 
Fig 1.18 The change in (a) reversible and (b) irreversible expansion with increase in 
cycle number. 
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Another difference that can be observed between the first cycle and subsequent cycles is 
that considerably more charge flows during the first cycle. Figure 1.19 illustrates this, 
showing that the charge flow in the first reduction scan of a 5 m film of PPy(DBS) is -
9.87 mC compared to -6.16 mC in the second. It has been suggested
116 
that this might be 
due to a fraction of the cations entering the film during the first reduction scan and 
remaining within the polymer during re-oxidation.  
(a)      (b) 
            
Fig 1.19 Charge flow occurring on reduction during (a) the first cycle (b) second cycle. 
 
Figure 1.20 illustrates that the first few cycles are more prone to displaying instability; 
however there is a general improvement in the stability of the actuation profiles with 
cycle number. The shape of the actuation curves tend to become more flattened at their 
maxima and minima, with increasing cycle number. 
 
(a)  First four cycles (b)  Stable state 
 
 
       
      
        
 
   
Fig 1.20 Comparison of actuation profiles at the (a) start and (b) end of the same 
actuation sequence for a 10 m film of PPy(DBS). 
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The rate of expansion is greatest in the first part of each scan (reduction and oxidation) 
with 80% of the strain typically occurring within seconds. The remaining 20% of the 
expansion occurs much more slowly and can be of the order of minutes. This slower 
expansion is more prone to instability. In as sense, the quality expansion is represented 
by the first 80%. 
An interesting feature of the actuation curves is the presence of “spikes” associated with 
switching the potential. An upward spike is displayed on switching to the oxidized state 
(-1V to 0 V) and a smaller downward spike on switching to the reduced state (0 V to -
1V). It is likely that this is due to changes in the refractive index of the electrolyte near 
the surface of the polymer, associated with the rapid change in concentrations of sodium 
ions on switching the potential (see table 1.3). 
Sodium chloride 
Concentration (wt %) Refractive Index (20
o
C) 
5.00 1.3418 
10.00 1.3505 
15.00 1.3594 
20.00 1.3684 
25.00 1.3776 
 
Table 1.3 Change in the refractive index of aqueous sodium chloride solutions with 
concentration. Source: supportive content, Mettler-Toledo International, us.mt.com. 
This phenomenon has been observed elsewhere
117
 and is known as the “Mirage Effect”. 
The effect is the result of light being bent towards the normal on going from a region of 
lower to higher density and away from the normal, on going from a higher density to a 
lower density region and visa versa. 
 
1.2.2 Actuation metrics 
The expressions displayed in table 1.4 were used to calculate the expansions and strains 
of the films throughout this thesis and has been described in detail elsewhere
118
.  
Both expansion and strain quantify dimensional changes and are closely related. 
Expansion is a metric that expresses dimensional changes directly and therefore has 
units of length, micron in our work. Strain is also used to quantify dimensional changes 
e.g. thickness, but it relates this change to its initial thickness and is therefore a relative 
measure. It is a dimensionless metric, which can be expressed as either a decimal or as a 
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percentage. Both of these different metrics are useful to describe dimensional changes. 
Strain for example is a very useful metric when comparing different types of material. 
In this work the initial thickness used to calculate reversible expansions and strains is 
taken as the thickness at the start of the reduction or oxidation cycle. Whereas, 
irreversible expansion and strain has been calculated using “as polymerized” film 
thickness as the initial condition.  
 
Table 1.4 Expressions used to calculate expansion and strain. Key: AuWE (gold working 
electrode), D (general term for diameter), DAu (diameter of AuWE), Do (initial diameter of the 
“as deposited” PPy film + DAu), Dred (diameter of the fully reduced PPy film + DAu ), Doxid 
(diameter of the fully oxidized PPy film + DAu). 
How quickly the PPy films expand and contract was determined using a number of 
additional metrics. Both the maximum expansion rate and the maximum strain rate were 
calculated. Again, these are similar metrics, requiring that the maximum gradient in 
each phase (reduction and oxidation) be calculated. As has been mentioned previously, 
this maximum gradient or rate occurs near the start of each phase and can be located by 
eye. The maximum expansion rate is the maximum gradient in each phase and is 
State of PPy(DBS) 
As deposited All Fully reduced Fully oxidized 
 
 
 
 
 
 
 
 
 
 
 
 
Initial film thickness: 
(Do –  DAu) / 2 
 
 
Expansion: 
(D – Do) / 2 
Strain: 
(D – Do) / (Do – DAu) 
% Strain: 
100(D – Do) / (Do – DAu) 
 
Reversible expansion: 
(Dred – Doxid) / 2 
Reversible  strain: 
(Dred – Doxid) / (Doxid  – DAu) 
% Reversible strain: 
100(Dred – Doxid) / (Doxid  – DAu) 
 
Irreversible expansion: 
 (Doxid – Do) / 2 
Irreversible strain: 
(Doxid – Do) / (Do – DAu) 
% Irreversible strain: 
100(Doxid – Do) / (Do – DAu) 
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conveniently expressed in units of m/s. The maximum strain rate was calculated by 
dividing the maximum gradient in each phase by the initial film thickness at the start of 
that specific scan and not the initial film thickness of the “as polymerized”/un-actuated 
film. 
The maximum gradient can be calculated manually by drawing a tangent to the 
actuation curve at the position with maximum slope. Fortunately, this was made easier 
by making use of the linear regression function within the analysis section of the GPES 
software. This is illustrated in figure 1.21. This calculates both the maximum gradient 
and the initial starting diameter (y-begin). By subtracting the diameter of the AuWE 
from this initial starting diameter and dividing by two, the film thickness at the start of 
the phase was determined. 
 
   
Fig 1.21 Determination of the maximum gradient (slope) using GPES. The values 
highlighted by red boxes, were used to determine the expansion rate (slope) and strain 
rate [(slope)/((“Y-begin”- DAuWE)/2))]. 
Another metric that has been used to assess how quickly the PPy films, was the time 
taken to reach 90% of the maximum expansion. This metric is calculated as it is phrased 
i.e. 90% of the maximum expansion is first determined and the time taken to reach this 
value from the start of the scan was determined. Again, this has been illustrated in 
figure 1.22. As has been mentioned previously, this region and above, is often prone to 
instability in the profile compared to earlier on in the scan. It was often helpful to draw 
and position a fitted curve by eye to aid this process. This is shown in green in figure 
1.22 and it represents a form of averaging that leads to a more reliable value in the 
region of interest. 
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Fig 1.22 The determination of the time to 90% maximum expansion with the aid of 
GPES. Illustrated here, for the reduction scan of a 10 mm PPy(DBS) film in the stable 
state. 
 
1.2.3 The effect of film thickness variation 
When undertaking measurements on different film thicknesses, our aim was to generate 
base-line date, which could then be compared with the different types of polypyrrole 
synthesized and studied in the later sections of this thesis. 
There has only been one study to date of the effect of film thickness variation on the 
actuation of PPy(DBS)
51 
which used an atomic force microscope (AFM) to measure 
dimensional changes on films in the range 0.3 to 3.0 micron range. The study revealed 
that there was an optimal thickness (approx 1.5 m) at which a maximum expansion 
occurred. Another interesting observation was that the maximum expansion observed 
also depended on the width of the feature, with the wider feature displaying a greater 
maximum expansion. These features were rectangular films with edges. 
Film thicknesses of 1 to 10 microns were chosen as this leads to an absolute expansion 
of the PPy film that can be measured with the LSM with great accuracy, meaning that 
even small relative changes of the actuation performance due to a change in for example 
the crosslinking will lead to an absolute expansion difference larger than the 
measurement error. There was very good agreement between the work presented here 
and the previous study
51
. The values for expansion and strain were slightly higher than 
those given in the AFM study. This can be attributed to, amongst other things, the 
different cycle time employed and the different geometry of the samples. Here a 400 s 
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cycle (-1 V (200s), 0 V (200s), square wave) was used whereas the AFM study 
employed a 200 s cycle (1 V (100s), 0 V (100s), square wave). Our cycles therefore, had 
more time to slowly expand towards the end of each scan. The samples used in this 
work were formed on the surface of a cylindrical wire and, as such, had no edges. The 
samples in the prior study by Smela, were planar and had edges. 
In the work undertaken in later sections of this thesis, it was noticed, when drying 
PPy(DBS) films with a nitrogen gun, that the surface of the film continues to appear dry 
when blown, whereas the edges of the film (which were sloping for our samples) first 
appear dry, but soon darken and appear moist again. It would appear that water 
movement is different in plane and compared to out of plane, with seepage of water 
being possible at the edges. This would be in keeping with the view that PPy(DBS) 
films have a lamella structure orientated parallel to the surface of the substrate
37
. If this 
is the case it would appear that water can both enter and leave the film more readily 
between lamellae at the edges of the film. Perhaps the difference in the expansions of 
the different width features studied by Smela can be attributed to the ability of the wider 
features to retain more solvent and expand more on actuation.    
Figure 1.23 shows typical actuation sequences for both a one micron and ten micron 
film, which have been overlaid to aid comparison. Both the reversible and irreversible 
expansion is greatest for the thicker film. The time taken for the films to reach the 
“stable state” (maximum irreversible expansion) is greatest for the thicker film (100+ 
cycles) compared to the thinner film (12 cycles). The thicker film displays spikes on 
switching, whereas the thinner film does not. 
 
Fig 1.23 Overlay of typical actuation sequences for 1 and 10 m PPy(DBS) films. 
An overlay showing the relative proportions and shapes of the cycles displayed by the 
different film thicknesses is given in figure 1.24 (a) and (b). In particular figure 1.24 (b) 
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shows that the 1 and 10 m films display different behaviour during the latter part of the 
reduction scan. This is revealed by the different peak shapes. The 1 m film shows a 
maximum reversible strain earlier on which then decreases for the remainder of the 
scan. In contrast the reversible strain for 10 m films (and also the 5 m) increases to a 
maximum value then remains constant. This occurs towards the end of the actuation 
cycle. 
(a) 
     
(b)           
 
1 m 
 
10 m 
 
Fig 1.24 (a) Overlay of four actuation cycles for 1, 5 and 10 m films taken during the 
stable state (to scale). (b) Actuation cycles for 1 and 10 m films taken during the stable 
state showing greater detail of their respective profiles (not to scale). 
The decrease in expansion observed for the 1 m films in the latter part of the reduction 
scan, might be due to the loss of water that had entered the film earlier on in the 
reduction scan. This would be in keeping with the lower expansions observed in 
Smela’s work for smaller width features. De-doping of the films is considered unlikely 
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as the performance of subsequent cycles is unaffected and this would be expected if 
NaDBS molecules were leaving the polymer film.   
The changes that occur with thickness in the reversible and irreversible expansion are 
displayed in figure 1.25. Both the reversible and irreversible expansion increases on 
going from the 1 to 10 m samples. The increase in the irreversible expansion is 
relatively large between 1 and 5 m compared to between 5 and 10 m. The variation 
between the samples (error bars = 2 SD) was relatively low, but increased with film 
thickness. 
Figure 1.25 (b) suggests that the increase in the irreversible expansion is slowing down 
and potentially approaching an upper bound of a few micron. If this is the case, then it 
would be supportive of the notion that the expansion occurs at the surface to a depth of 
a few micron. 
When these expansions are expressed as a percentage of their initial thickness (% strain) 
it can be seen that the thinner, 1 m, films undergo a greater amount of reversible and 
irreversible strain in proportion to their thickness than do the thicker 10 m films (see 
figures 1.26 (a) and (b)). Again, this would be supportive of the idea that actuation is 
occurring only within several microns of the surface. In that case most, if not all, of the 
thickness of the 1 m films might be expected to be involved in actuation, whereas a 
much lesser proportion of the 10 m films would be expected to take part. 
The maximum reversible expansion rate during both the reduction and oxidation phases 
are shown in figure 1.27.  During the reduction phase, this rate is reasonable constant. 
This again supports the idea that the actuation is occurring as the result of a near surface 
layer that is approximately the same size for each of the thicknesses and that below this 
layer the material is not taking part in the actuation process (other than to transfer 
charge from the AuWE). 
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(a) 
  
 
(b) 
 
 
Fig 1.25 Change in (a) reversible expansion and (b) irreversible expansion with film 
thickness for 0.55V PPy(DBS). Error bars represent 2 SD.   
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(a) 
  
 
(b) 
  
 
Fig 1.26 Change in (a) reversible strain and (b) irreversible strain with film thickness 
for 0.55 V PPy(DBS). Error bars represent 2 SD. 
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The maximum reversible expansion rate during the oxidation phase is however 
thickness dependant, with there being an increase on going from 1 to 10 m. Once 
again, this increase would appear to be decreasing and beginning to level out above 5 
m.  
Comparing the mean values in figure 1.27 (a) with those in 1.27 (b) we see that the 
reduction scan occurs more quickly that the oxidation scan for 1 m films, but for the 
thicker, 5 and 10 m films, the situation is reversed. 
The maximum reversible strain rates during both reduction and oxidation are displayed 
in figure 1.28 (a) and (b). These graphs indicate that although the combined expansion 
rates increase for thicker films, it is the thinner films that will likely reach their 
maximum strain more quickly, since they do not have to expand as much as the thicker 
films to reach their maximum strain. 
The time to 90% reversible expansion during both the reduction and oxidation scans are 
displayed in figure 1.29 (a) and (b). They clearly reveal that thicker films take longer to 
expand than thinner films. The total cycle time for 90 % expansion for a 1 m film is 
typically less than 10 s whereas for 10 m films this can be as much as 70 s, under the 
cycling conditions employed. 
Comparing the variation between replicate measurements (“error” bars = 2 SD) 
displayed in figures 1.27 and 1.29, it can be seen that there is less variation in the 
measurements for thicker films when determining maximum expansion rates, whereas  
it is the opposite when determining times to 90% maximum expansion. 
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(a) 
  
 
(b) 
           
 
Fig 1.27 Variation in the maximum expansion rate during (a) reduction and (b) 
oxidation with thickness. Error bars represent 2 SD. 
 
67 
 
(a)  
       
(b) 
 
Fig 1.28 Variation in the maximum strain rate in the stable state during: (a) reduction 
phase (b) oxidation phase. Note: the strain rates during oxidation have been shown as 
positive to aid comparison. Error bars represent 2 SD. 
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(a) 
                             
 
(b) 
        
 
Fig 1.29 Variation in the time taken to reach 90% of the maximum reversible expansion 
with film thickness during: (a) Reduction phase (b) oxidation phase. Error bars 
represent 2 SD. 
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1.2.4 Apparent delay in the onset of expansion.   
Another interesting observation that was made whilst undertaking measurements on 
films of different thickness was an apparent delay in the onset of expansion after the 
switching potential had been applied.  
Figure 1.30 shows the typical current spikes associated with switching potential. A 
downward current spike is observed on switching from 0 V to -1 V and an upward spike 
on switching from -1 V to 0V. The shape and size of these current spikes will depend on 
the data point interval used during their measurement. At the scale shown in figure 1.30, 
no time delay in expansion is evident.  
 
       
Fig 1.30 Overlay of current spikes (red) accompanying voltage switching with two 
actuation curves (blue). 
The apparent time delay does become apparent when rescaled to zoom in on the start of 
each scan. Figure 1.31 (a) shows the start of the reduction scan for one of the replicate 1 
m samples. There is a 1 s time delay between the application of the switching potential 
and the onset of expansion. Figure 1.31 (b) shows the start of the next oxidation scan for 
the same sample. In this figure there is no time delay and the “expansion” occurs 
immediately. 
Figure 1.32 (a) and (b) show similar details of the start of the reduction and oxidation 
scans for a 10 m film. An apparent time delay of 2.1 s was observed on switching at 
the start of the oxidation scan Figure 1.32 (b) shows the detail at the start of the 
reduction scan for the same 10 m film. An apparent time delay of 3.1 s was observed.  
The apparent time delays between the application of the switching potential and the start 
of expansion and contraction could be the result of the low sampling rate employed at 
this stage of the work. It might be that these delays will not be evident if the work were 
to be repeated at a higher sampling rate. Alternatively, the delay in the onset of 
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expansion and contraction might be the result of interference from the “Mirage Effect” 
(see section 1.1.7). However, the delay might in fact be a real delay due to the time it 
takes for ions to move into the polymer film
116
. Given the low sampling rate employed 
in gathering this current data, conclusions cannot be drawn at this stage. These 
observations merit further investigation using a higher sampling rate.   
(a)  
            
 
(b) 
                  
 
Fig 1.31 Overlays of the actuation and current curves during the first few seconds of (a) 
reduction and (b) oxidation scans for a 1 m film. 
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(a) 
                   
 
     
(b) 
                  
 
Fig 1.32 Overlays of the actuation and current curves during the first few seconds of (a) 
reduction and (b) oxidation scans for a 10 m film. 
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1.1.5 Charge flow during reduction and oxidation 
The charge which flows during oxidation and reduction is not solely used to oxidize and 
reduce the polymer. The charge which flows is also consumed by capacitive charging 
and parasitic reactions that can occur within the electrochemical cell
116
. This might 
explain why after the initial current spike associated with switching has decayed away, a 
very small constant current is observed throughout the remainder of each scan. 
Because of the interest in monitoring long term behaviour (irreversible expansion) and 
yet being limited to using less than 10000 data points by the GPES software, out of 
necessity a relatively large data point interval was employed in this early work. In 
subsequent work, steps were taken to increase the number of data point. A comparison 
of the current spike profiles using a relatively large and a small data point interval are 
shown in figure 1.33 (a) and (b). These show that there was an under estimate of the 
charge which flows during the oxidation scan and an apparent over estimate of the 
charge flow during the reduction scan in the early work compared to the later work. 
Given that it would not be possible to correctly apportion charge flow during each scan 
to oxidation and reduction, and having a large data point interval, no attempt was made 
to draw conclusions from the charge flow data. 
 
(a) (b) 
   
 
Fig 1.33 Overlays of current spikes using a relatively large (1 s) and small (0.1 s) data 
point interval (DPI). The oxidation spike (a) is under-estimated with a DPI of 1 s 
whereas the reduction peak spike (b) is over-estimated at a DPI of 1 s. 
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1.1.6 Different cycling conditions 
During the initial stages of this work, different cycling times were investigated to aid 
the selection of a standard cycle time. A cycle time of 400 s was selected (200s (-1 V), 
200s (0 V), square wave) in order to ensure that the complete expansion and contraction 
had occurred as revealed by the flattening of the upper and lower peak profiles. This 
was because the focus was on determining the maximum expansion in the work that we 
had later scheduled. 
An interesting observation that was made however in undertaking this initial work was 
that shorter cycle times lead to more irreversible expansion and less reversible 
expansion. Given that this expansion is the result of mass transport, ions and solvent 
movement, it would appear that shorter cycle times result in more solvent and ions 
being retained by the polymer matrix on redox switching. An analogy might be drawn 
to squeezing out a sponge in a bucket of water; the less the sponge is squeezed, the 
more water is retained. 
Given that the longer cycles shown in figure 1.35 were undertaken after the initial 
shorter cycles, it would appear that if one has longer cycles after shorter cycles, the 
“full” reversible expansion might be recovered and the irreversible expansion lowered. 
This merits further investigation in the future. 
     
Fig 1.34 Increase in the thickness of the same PPy(DBS) film for different cycle times. 
Notice that the irreversible expansion (arrows) increases with shorter cycle times. 
 
1.1.7 The “Mirage Effect” 
Although the spikes observed in the diameter reading of the polymer coated wire which 
occur on switching have been attributed to the “Mirage Effect” we have not detailed 
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how we think this might be happening
117,119
. The same effect has been observed when 
using an AFM laser to make measurements in high salt concentrations
120
.  
The spikes in the diameter measurement of the wire that accompanies voltage switching 
is likely, in the authors view, to be due to the relative change in the refractive index 
accompanying the insertion and de-insertion of sodium ions at/near to the polymer 
surface.  
An increase in the ion concentration would be expected to cause a local increase in the 
refractive index of the electrolyte near the surface of the polymer. This is the case at the 
start of the oxidation scan (-1 V to 0 V) and corresponds to an apparent increase in the 
diameter of the WE (upward spike) observed in the data. A local decrease in the 
refractive index would similarly be expected to occur when there is a decrease in the 
sodium ion concentration near the polymer surface. This is the case at the start of the 
reduction scan and corresponds to an apparent decrease in the diameter of the WE 
(downward spike) observed with the data.  
On oxidation, the sodium ion concentration at the polymer surface is likely to first 
increase due to expulsion from the PPy into the solution and then decrease with time as 
the sodium ions are dispersed throughout the surrounding bulk electrolyte, by diffusion 
but possibly also through electrostatic repulsion i.e. classical radial diffusion of sodium 
ions restoring the bulk concentration near the surface. 
This model was crudely tested out in a dark room with a non-transparent cylindrical 
object being placed at the centre of an up turned cylindrical glass, and a laser pen. The 
cylindrical object was taken to model the WE and the glass wall to model the increase in 
the refractive index of the electrolyte upon oxidation. 
As illustrated in figure 1.35 the laser spot was refracted away from the wire in the radial 
direction. The paths of the laser could be traced as are also shown in the same figure. If 
this behaviour correctly models the situation that occurs upon switching from -1 V to 0 
V (oxidation), it would explain the upward spike observed in the data.  
The opposite effect could be expected to occur on switching from 0 V to -1 V 
(reduction), to produce a lower density zone at the polymer surface, depleted of sodium 
ions, and causing the laser to bend inwards and producing a smaller width shadow on 
the LSM detector. This would correspond to the apparent decrease in the diameter of the 
WE as represented by the downward spike observed in the data. 
The absence of a spike in the diameter reading on switching the thinner, 1 m, films is 
likely due to the lower numbers of sodium ions that can be exchange (“stored” and 
“released”) by the thinner films and produce too low a refractive index change to cause 
the effect. 
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Fig 1.35 The position, size and shape of the laser spots (a) without and (b) cylindrical 
region of higher refractive index (a cylindrical glass). 
 
Interestingly, a similar situation has been envisaged near the surface of a star and has 
been used to explain the bending of light near the surface, as an alternative to the 
accepted gravitational red/blue shift of light
121
.    
 
1.3 Conclusions 
A method for making rapid, non-contact measurements of the actuation of electroactive 
films such as polypyrrole has been developed. The method is particularly suited to 
studying the actuation of thin films in the region of 0.5 to 5 micron, which covers the 
ranges of thicknesses commonly employed in the fabrication of micro-actuators. It is 
also suitable for studying the actuation of thicker films when they are actuated slowly, 
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as in this study. However, thick films actuated quickly, will be subject to measurement 
error in the first short period of the cycle due to the operation of the “Mirage Effect”.  
Once a more precise model of the out of plane movement of sodium ion has been 
developed and tested for the geometry of our films, the method that we have developed 
has the potential of being used to quantify both the amount and rate of ion flux into and 
out of the polymer film on switching. Not only would this lead to a better understanding 
of the actuation process, but it might be used to study the controlled release of 
chemicals/drugs that have been incorporated within the polypyrrole film during 
electropolymerization. 
It is important to recognize that not all of the thickness of the PPy film is electroactive. 
Only the portion near surface of the film is active as the ions required for charge 
compensation are unable to penetrate the full depth of the film during the time of a 
typical cycle. Diffusion is typically the rate limiting step for such films and is a well-
known and established fact in the field
116
. One way of demonstrating this is through the 
use of cyclic voltammetry performed at different scan rates (see Appendix 2).  
Although the measurements that were made at different thicknesses were done to 
generate metrics which could then be used to compare other forms of polypyrrole 
against, the measurements have proved very useful in their own right. The 
measurements made at different film thickness, were consistent with those made using 
AFM
51
. The results are supportive of the view that actuation occurs at the surface to a 
depth of a few micron and is a diffusion limited process. For the thinnest films 
employed in this work (1 µm) approx. 80 % of the thickness is active and for thicker 
films (10 µm) this ratio drops to 25 %, which is typically an effect of diffusion. Despite 
using extremely long cycle times (200s (0V), 200s (-1V)), full activity of the film is not 
observed. In absolute numbers the active expansion increases from approx. 0.8 µm for 
the 1 µm to approx. 3 µm for the 10 µm films which we contribute to the film being less 
dense. The density of PPy films is well-known to be anisotropic
37, 51
. 
Two contributions to the volume change can be clearly distinguished. The fastest part is 
ion diffusion which in turn correlates with the current and a slower part due to the 
intake of solvent (osmotic flow)
49. The thinner films are “faster” than the thicker films. 
In addition we have shown that quicker cycling can result in a decrease in the reversible 
expansion and an increased irreversible expansion. 
The development of this new technology has proven very useful, not only in providing 
reliable actuation metrics, but also in increasing our understanding of the actuation 
process. In the work that is outlined in subsequent sections of this thesis, the method has 
been used to provide insight into how the structure of polypyrrole affects the actuation 
process, particularly cross-linking and branching. This is the focus of the remainder of 
this thesis.      
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2. The synthesis of 3,4-dimethyl-1H-pyrrole 
 
2.1 Experimental details 
In order to implement our strategy for controlling crosslinking in polypyrrole a supply 
of 3,4-dimethyl-1H-pyrrole was needed (see section 3). Unfortunately, this material is 
not available commercially and it therefore had to be synthesize. The synthesis of 
pyrroles substituted exclusively in the beta positions of the pyrrole ring is difficult to 
accomplish and there are few synthetic strategies available. This is because the pyrrole 
ring system tends to undergo substitution preferentially in the alpha positions. If 
substitution does occur in the beta positions it is usually accompanied by substitution in 
the alpha positions, resulting in multiple substitution patterns and mixed products. In 
addition, there is also the potential problem of substitution at the pyrrole nitrogen atom 
and protecting groups are often necessary to prevent this.  
To produce pyrroles that have substituents exclusively in the beta positions requires that 
special synthetic strategies are implemented. Two strategies were selected as potentially 
being suitable and the detailed synthetic steps are described in section 2.1.1. The first 
strategy shown in figure 2.1 (a) makes use of a protecting group, which also blocks 
substitution at the alpha positions of the pyrrole ring
122
. The second strategy relies on 
the formation of the pyrrole ring by ring closure in what is a type of “Diels Alder” 
reaction, with the methyl groups already in place
123
. The first formed ring system in this 
second strategy, is a non-aromatic six-member ring. This subsequently undergoes ring 
reduction and aromatization to form the final product.     
 
2.1.1 Synthetic scheme 1
122
 – protecting group approach. 
Step 1: Synthesis of N-(triisopropylsilyl)pyrrole (II) 
Pyrrole (5.0 ml, 4.84g, 72 mmol) was added drop-wise at 0
o
C to a mechanically stirred 
suspension of sodium hydride (3.17 g of a 60 % dispersion in mineral oil, 79 mmol) in 
anhydrous DMF (100 ml). When hydrogen evolution (foaming) had ceased (ca 1.25 h), 
triisopropysilyl chloride (15.3 ml, 13.9 g, 72 mmol) was then added drop-wise and 
stirred at 0
 o
C for 0.75 h. The reaction mixture was next partitioned between ether and 
water, the ether phase washed with water, dried over anhydrous sodium sulphate, and 
evaporated in vacuo. Vacuum distillation of the residue gave an oil (15.90 g, 99 % 
yield), bp 125 
o
C / 11 mmHg, mp 5 
o
C, which was indefinitely stable under ambient 
conditions. 
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Step 2: Synthesis of 3, 4-diiodo-1-(triisopropysilyl)pyrrole (III) 
A solution of iodine (1.14 g, 4.48 mmol) in anhydrous dichloromethane (200 ml) was 
added drop-wise, over a 1 h period, to a stirred solution of N-(Triisopropylsilyl) pyrrole 
(0.500 g, 2.24 mmol) in dichloromethane (80 ml) containing suspended mercuric 
acetate (1.43 g, 4.48 mmol) at 0
 o
C. After a further 1 h at 0 
o
C, the reaction mixture was 
worked up as described in step 1, to give a solid (1.1 g) containing 3, 4-diiodo-1-
(triisopropysilyl) pyrrole. (This solid should be purified by column chromatography on 
active II neutral alumina (50 g), using hexane as the eluting solvent. 3,4-diiodo-1-
(triisopropylsilyl) pyrrole will be obtained as a solid (0.730 g, 69 % yield), which on 
crystallization from hexane will have a mp 75-78 
o
C)* 
Step 3*: Synthesis of 3, 4-dimethy-1-(triisopropylsilyl)pyrrole (IV) 
To a solution of 3, 4-iodo-1-(triisopropysilyl)pyrrole (2.375 g, 5 mmol) in anhydrous 
THF (25 ml) at -78 
o
C, add methyliodide (1.42 g, 10 mmol) and 15 min thereafter 
remove the reaction mixture from the cooling bath and leave to come up to room 
temperature. Quench with water and extract with ether. Next, dry the extract with 
magnesium sulphate and evaporate in vacuo. The residue should then be purified by 
column chromatography on silica gel using hexane-ethylacetate (4:1) to give an oil on 
evaporation in vacuo, of the appropriate fraction(s). 
Step 4*: Synthesis 3, 4-dimethyl-1H-pyrrole (V) 
Add a solution of tetra-n-butylammonium fluoride (1.00 ml of a 1 M solution, 1.00 
mmol) in THF, to a stirred solution of 3, 4-dimethyl-1-(triisopropylsilyl)pyrrole (0.251 
g, 1.00 mmol) in THF (3.0 ml). After 5 min at room temperature, dilute the solution 
with ether, and wash the organic phase with water and dried with magnesium sulphate. 
Remove the solvent in vacuo to give the target compound: 2, 3-dimethylpyrrole. 
*These steps were not undertaken for reasons given in section 2.4 
 
2.1.2 Synthetic scheme 2
123
 – cyclization approach 
Step 1: Synthesis of 2-ethoxycarbonyl-3,6-dihydro-4,5-dimethyl-1,2-thiazine 1-oxide (III) 
In a 1 litre round-bottomed flask, equipped with a large magnetic stirrer, a reflux 
condenser attached with a calcium chloride tube, and two 100 ml dropping funnels, 
were placed 27.1 g of ethyl carbamate and 150 ml of dry toluene. Pyridine and thionyl 
chloride were added drop-wise at the same rate with efficient stirring and cooling with 
cold water. A yellow precipitate was formed in the round-bottomed flask corresponding 
to the formation of the N-sulfinyl intermediate compound (II) (see figure 2.2 (a)). After 
the mixture was further stirred for one hour at room temperature, 25.0 g 2, 3-
dimethylbutadiene (I) was added in one portion. The mixture was heated under mild 
79 
 
reflux and stirring and then allowed to stand overnight. After voluminous pyridine 
hydrochloride was filtered and washed with toluene, the filtrates were evaporated under 
reduced pressure to afford an oily residue of crude 2-ethoxycarbonyl-3,6-dihydro-4,5-
dimethyl-1,2-thiazine 1-oxide (III). 
Step 2: Synthesis of 3,4-dimethyl-1H-pyrrole (IV) 
To the residue obtained in step 1, was added 300 ml of 10 w/w% sodium methoxide in 
methanol and the dark coloured mixture (see figure 2.2 (b)) was refluxed for 2 h. The 
solvent was removed by distillation under ordinary pressure, and the reaction mixture 
was steam-distilled (see figure 2.3) to give an oily substance which was extracted 
repeatedly with ether. The extracts were dried over anhydrous potassium carbonate, and 
the solvent removed by rotary evaporation under reduced pressure. Vacuum distillation 
of the oily residue gave 2.14 g 3,4-dimethyl-1H-pyrrole. The yield was 7.4 % based on 
ethylcarbamate which was lower than the published value of 62% (see section 2.4 as to 
why).  
Scheme 1 
       
Scheme 2 
 
Fig 2.1 Synthetic schemes undertaken for the synthesis of 3, 4-dimethyl-1H-pyrrole. 
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(a) 
            
 
(b) 
                
 
Fig 2.2 (a) Yellow precipitate of N-sulfinyl intermediate compound (III). (b) Dark 
coloured (intensely crimson) complex product prior to steam distillation, containing 3,4-
dimethyl-1H-pyrrole. 
 
              
 
Fig 2.3 Steam distillation of the crude product. (1) Steam generation, (2) glass tube to 
allow the pressure in the system to remain at atmospheric pressure and help avoid suck 
back, (3) glass tubing transferring steam to the distillation flask (4) distillation flask (the   
three necked round bottom flask used for the prior synthesis) containing the crude 
product, (5) water-cooled condenser, (6) flask receiving the steam distilled product (7) 
vent for pressure equalisation. 
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2.2 Structural confirmation 
Proof that 3,4-dimethyl-1H-pyrrole had been synthesized was provided by a 
combination of techniques that are commonly used for structural confirmation in the 
field of synthetic organic chemistry. 
The presence of both the pyrrollic ring system and methyl functionalities was confirmed 
using FTIR spectroscopy, with the sample in the form of a potassium bromide (KBr) 
disk. The FTIR spectrum and peak assignments are shown in figure 2.4 (a) and (b) 
respectively
124
. 
GCMS spectrometry was also used as part of the structural confirmation process. The 
mass spectrum obtained for the product is shown in figure 2.5 (a) and the gas 
chromatogram in figure 2.8. 
The mass spectrum of the product displays a ion with the mass to charge ratio expected 
for 3,4-dimethyl-1H-pyrrole molecular ion (m/z = 95). A comparison was made using 
pyrrole, 2,4-dimethyl-1H-pyrrole and the 2,5-dimethyl-H-pyrrole isomers as being the 
closest matches to the synthesised product. Direct confirmation by the National Institute 
of Science and Technology (NIST) mass spectrometry database was not possible as the 
mass spectrum of 3,4-dimethyl-1H-pyrrole is not present in the database for 
comparison. However, contact with a company (Equinox Chemicals, USA) that has 
previously synthesized 3,4-dimethyl-1H-pyrrole was made and they were very helpful 
in providing us with a reference spectrum, which showed an excellent match for our 
product. 
1H spectroscopy was undertaken on the product and is show in figure 2.6 (a). The 1H 
NMR spectrum of the product is in keeping with the 1H NMR spectrum expected for 
3,4-dimethyl-1H-pyrrole. The three peaks displayed in the 1H NMR spectrum reveal the 
presence of three different types of protons within the molecule at 7.75, 6.53 and 2.05 
ppm with corresponding area integrals in the ratio 0.15:0.35:1.06 (approx 1:2:6) (the 
fourth peak at approx 7.25 ppm corresponds to the small amount of trichloromethane 
present in the deuterated trichloromethane solvent, and is not part of the product 
molecule). These chemical shifts and area integrals are consistent with the types and 
numbers of hydrogen atoms that are present within 3,4-dimethyl-1H-pyrrolei.e. 1 x NH, 
2 x ring CH and 6 x CH3. The broadened peak at 7.75 ppm is typical of an exchangeable 
H-atom, and is consistent with the presence of the pyrrollic NH, which is known to be 
exchangeable. This broadening would also account for the area integrals not being 
exactly 1:2:6, particularly the area integral for the broadened peak.  
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(a) 
 
(b) 
      
 
Fig 2.4 (a) FTIR Spectrum of 3, 4-Dimethyl-1H-pyrrole (KBr disc) with (b) potential 
peak assignments
124
. 
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(a) 
  
(b) 
 
 
Fig 2.5 (a) Mass spectrum of 3, 4 - dimethyl-1H-pyrrole displaying the molecular ion. 
(b) NIST MS search listing three of the dimethylpyrrole isomers as the closest matches. 
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(a) 
       
 
 
(b) 
 
 
 
      
Fig 2.6 (a) 1H NMR spectrum of the product (b) Comparison of the 13C and DEPT 
135
o
 and DEPT 90
o
 spectra for the product. 
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13C NMR spectroscopy of the product was also undertaken and is the lowest of the 
three spectra displayed in figure 2.6 (b). The 13 C NMR spectrum of the product 
displays three different peaks at 118.13, 115.49 and 9.94 ppm, due to three different 
types of carbon atom (the “peaks” at approx 77 ppm corresponds to the small amount of 
trichloromethane present in the deuterated trichloromethane solvent). Once again this is 
consistent with the three different carbon atoms that are present within 3,4-dimethyl-
1H-pyrrole i.e. 2 x alpha C-atoms, 2 x beta C-atoms and 2 x methyl C-atoms. Unlike the 
area integrals in 1H NMR, the areas or heights of 13C NMR peaks should not be taken 
as indicative of the relative proportions of the C-atoms in the product, as area integrals 
are not quantitative in 13C NMR. 
The two other 13C spectra displayed in figure 2.6 (b) are known as the DEPT 90
o
 and 
DEPT 135
o
 13C spectra. DEPT (Distortionless Enhancement by Polarization Transfer) 
is a very useful method for determining the presence of primary (methyl, three attached 
hydrogens), secondary (CH2, two attached hydrogens), tertiary (CH, one attached 
hydrogen) and quaternary (C with no attached hydrogens) carbon atoms. The DEPT 90
o
 
13C spectrum gives only CH groups. The DEPT 135
o
 13C spectrum shows CH, CH3 in 
a phase (direction) opposite to CH2. Signals from quaternary carbon atoms, and other 
carbon atoms with no attached hydrogens are always absent due to the lack of attached 
protons with which to undergo polarization transfer.  
The DEPT 90
o
 spectrum of the product has only one peak at 115.486 ppm and reveals 
the presence of one type of a tertiary carbon atom (CH) within the molecule. This would 
correspond with the alpha carbon atoms present in 3,4-dimethyl-1H-pyrrole. The DEPT 
135
o
 spectrum has two peaks which are in phase (both pointing upwards) and 
correspond to two different carbon atoms. The peak in the DEPT 135
o
 spectrum at 
115.486 ppm corresponds to the peak at the same ppm in the DEPT 90
o
 spectrum; 
therefore this peak in the DEPT 135
o
 spectrum must correspond to a tertiary CH atom. 
The other peak at 10.08 ppm might therefore be assigned to the primary methyl carbon 
atoms in 3,4-dimethyl-1H-pyrrole. The locations (chemical shifts in ppm) of these peaks 
in the 13C spectrum are also consistent with them originating from ring CH and methyl 
carbon atoms. The CHCl3 (solvent) signal might have been expected to be present in the 
DEPT 135
o
 spectrum in an opposite phase (downwards pointing peak) to the other two 
peaks, on the grounds that it contains a tertiary hydrogen atom. However, the presence 
of CHCl3 is not observed due the very low levels that are present in the deuterated 
solvent (CDCl3). A solvent peak for both the 1H and 13C spectra because, here, they are 
more sensitive to levels of 1H and 13C atoms compared to the DEPT spectra.      
 
 
 
 
86 
 
(a) 
 
 
(b) 
         
 
Fig 2.7 (a) All four dimethylpyrrole isomers (b) Chemical shifts (ppm, TMS) of 
symmetrical isomers: 2, 5-isomer and the product (3, 4-isomer)). 
So far it has been shown that the product has a molecular mass 95 amu, contains both 
pyrrollic and methyl functionalities, and has 1H and 13C NMR spectra consistent with 
3,4-dimethyl-1H-pyrrole. However, very similar results would also be expected for the 
other three dimethyl isomers displayed in figure 2.7 (a). Fortunately, on symmetry 
grounds, both the 2,3-isomer and 2,4-isomer have 5 non-equivalent H-atoms and 6 non-
equivalent and would be expected to give the same number of peaks respectively in 
their 1H and 13C NMR spectra. This still leaves the 2,5-isomer which like the 3,4-
isomer, displays an axis of symmetry, with three different H-atoms and three different 
C-atoms. The 1H NMR spectrum for the 2,5-isomer is available for comparison. The 
chemical shifts of both the 2,5-isomer and our product are displayed in the figure 2.7 
(b). Given that they are different we can confirm our product to be 3,4-dimethyl-1H-
pyrrole. 
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2.3 The purity and stability 
As important as confirming structure of the product as being 3,4-dimethyl-1H-pyrrole, 
was to confirm that it was pure. The first indication we had that our product was of high 
purity came from gas chromatography, which showed only one product peak in addition 
to the solvent (hexanes) peaks (see figure 2.8). Confirmation of the purity of the 2,3-
dimethyl-1H-pyrrole that we had prepared came from CHN elemental analysis. Figure 
2.9 shows the results of this analysis and reveals a difference between the measured and 
theoretical molecular mass of 3,4-dimethyl-1H-pyrrole of significantly less than 0.4%. 
This is consistent with The Royal Society of Chemistry guidelines for authors which 
states: “Authors are required to provide unequivocal support for the purity and ... 
elemental analysis (within ±0.4% of the calculated value) is required”. We were 
therefore confident that we had produced a supply of high purity material. 
We next wanted to determine suitable storage conditions for 3,4-dimethyl-1H-pyrrole. 
After being stored in an amber glass vial under nitrogen within the refrigerator (4 
o
C) 
for 3 days, GCMS was undertaken on the sample and the gas chromatogram is shown in 
figure 2.10. The chromatogram shows clear signs of degradation of the sample. We 
therefore made the decision to store freshly prepared 3,4-dimethyl-1H-pyrrole under 
nitrogen within amber glass vials within the freezer compartment. Even after 18 months 
this showed no signs of degradation as confirmed by gas chromatography (data not 
shown). 
The lack of stability of 3,4-dimethyl-1H-pyrrole at ambient temperatures, did mean that 
it had to be re-synthesized when  work was undertaken with this material in Sweden, 
rather than risk degradation of the material during shipping from the UK. 
 
2.4 Discussion and conclusions 
Of the two syntheses attempted, the ring closure synthesis, scheme 2, proved successful, 
albeit in a much reduced yield than was expected from the published paper
123
.  
The synthesis outlined in scheme 1 was only undertaken as far as step 2: the synthesis 
of 3, 4-diiodo-1-(triisopropysilyl)pyrrole (III). The reason why the synthesis was 
abandoned at the end of this stage was that thin-layer chromatography, revealed the 
presence of more than one closely eluting product. This meant that the synthesis did not 
proceed to 4-diiodo-1-(triisopropysilyl)pyrrole as the exclusive product, which had been 
stated in the original source of the synthesis
122
. This meant not only that we would be 
faced with a difficult separation to both develop and undertake, before proceeding with 
the remaining two steps of the synthesis, but we would also obtain a much lower yield 
than anticipated resulting from losses of material through co-products. Given that there 
was limited time (two weeks) before the material was required for the work scheduled 
in Sweden, we proceeded with the second synthetic approach outlined in scheme 2. 
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(a) 
  
(b) 
  
 
Fig 2.8 Gas chromatograms of (a) purified product in hexane(s) solvent and (b) 
hexane(s) solvent blank. 
 
        
     
Fig 2.9 Elemental analysis for 3,4-dimethyl-1H-pyrrole (undertaken by Medac Ltd., 
UK). 
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Fig 2.10 GC chromatogram showing degradation of 3,4-dimethyl-1H-pyrrole when kept 
in a fridge (4 
o
C) for 3 days. 
The synthesis outlined in scheme 2 had the synthetic advantage of having only two 
synthetic steps. Another advantage of this synthetic approach is that the positions of the 
methyl groups in the final product are determined by their relative location in one of the 
starting materials: 2,3-dimethyl butadiene. This meant that, once the pyrrole ring was 
formed the methyl groups would be in the correct positions (3,4-positions or beta 
positions) within the pyrrole ring. This was not as certain to be the case for the synthetic 
approach outlined in scheme 1. In fact it is likely that one of the additional products, 
observed by TLC at the end of step 2 of scheme 1, was the result of only one of these 
positions being successfully substituted by iodine i.e. 3-iodo-1-(triisopropysilyl)pyrrole. 
The yield of material by the second scheme was less than the published yield. A yield of 
7.4 % was obtained compared to a yield of 62 % expected from Table 1 of the published 
paper (see figure 2.11). There are several reasons why this might have been the case. 
One might have been little experience, by the author of this thesis, in the little used 
procedure of steam distillation. It was necessary to make our own steam distillation 
apparatus to undertake this procedure as none was available within our laboratory. 
Given the discrepancy between the yield obtained and that expected, contact was made 
with the first named author of the paper for his assistance. Prof. Ichimura was of great 
assistance to us. It was realised that the concentration of sodium methoxide that should 
have been employed was 49 w/w% and not the 10 w/w% published in the footnote of 
Table 1 of the paper. Given that we used 300 ml of 10 w/w% of sodium methoxide, this 
actually represented a value closer to 2 Mol in Table 1 of the paper. Hence, a much 
lower concentration of sodium methoxide was used than was ideal. Table 1 of the paper 
indicates that 7 Mol of sodium methoxide was required to obtain the 62% yield that  had 
been hoped for. However, the table does indicate that lower concentrations, lead to a 
reduced yield of product. In fact it indicates that 4 Mol of sodium methoxide results in 
yields of 5-10 %. Given that we obtained a yield of 7.4 % at a concentration of close to 
2 Mol, we now appreciate that under the circumstances, our synthesis proceeded well 
and is in agreement with what was reported in the original paper.  
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Fig 2.11 Shows Table 1 from p 1157 of: The Synthesis of 3, 4-Dimethyl-1H-pyrrole: 
Kunihiro Ichimura et. al., The Bulletin of the Chemical Society of Japan, Vol. 49(4), 
1157-1158 (1976). 
One reason why we may have obtained a yield of 7.4 % at a 2 Mol of sodium 
methoxide, and not less than this, given the paper indicates that this yield would require 
4 Mol of sodium methoxide, is that we did take the precaution of carrying out the 
synthesis under an inert atmosphere of argon. This was not done in the original paper, 
but is more common practice now-a-days, when dealing with potentially air sensitive 
materials. It would be good to repeat the synthesis at a later date using the correct 
concentrations of sodium methoxide, to see if a yield of greater than 62 % might be 
obtained by undertaking the synthesis under an inert atmosphere of argon. 
Although our yield was lower than we had hoped for, we were successful in 
synthesizing 3,4-dimethyl-1H–pyrrole in sufficient quantities and in high purity to 
undertake the work outlined in the next section of this thesis.  
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3.  The use of blocking groups to alter the structure of polypyrroles. 
3.1 Introduction 
Research into the effects of varying various components of the PPy matrix, such as: the 
type and levels of dopant, the type of solvent and the effects of various additives has 
been undertaken and has been presented in the literature. However, little work has been 
undertaken to-date on the effects of changes in the polymer network  and it is likely that 
this will have a major influence on the polymers physical properties.  
Although the primary mechanism for the actuation of polypyrroles has been shown to 
be the insertion and deinsertion of ions, the response of the polymer network will exert 
a major influence on mechanical properties such as the amount and rate of actuation. It 
would be a mistake to underestimate the role that the polymer network plays in the 
actuation process. 
It is likely that there exists levels of cross-linking and branching that result in optimal 
actuator performance. An understanding of the relationship that exists between structure 
and actuation would potentially allow actuators to be designed that are capable of 
greater movements, operating speeds, force generation and lifetimes. 
Unfortunately, the lack of an established method for monitoring levels of cross-linking 
and branching within polypyrroles, combined with an insufficient understanding of how 
to alter these levels, has been a major barrier to understanding the affect of crosslinking 
on the actuation of PPy and altering crosslinking levels to optimize performance. 
In the absence of an established method for determining cross-linking and branching 
levels, we have developed a synthetic strategy which logically overcomes the need for 
such a method. Our approach makes use of beta-substituted pyrroles to block cross-
linking and branching. It is not possible for substitution to occur at a beta-position that 
has been effectively blocked, and produce a branch or a cross-link. 
Our strategy has been to electropolymerize pyrrole with beta-substituted pyrroles, 
giving polypyrroles (copolymers) with different levels of branching and cross-linking. 
The amount of cross-linking and branching displayed by the copolymer then depends 
upon the ratio of the two different types of monomer incorporated into the copolymer 
chain. The copolymer ratios were altered by changing the molar ratios of the two 
different monomers in the electrolyte used during polymerization. 
In addition to exerting a blocking effect, it was recognized that the blocking group that 
was selected would also have the potential of exerting both an electronic effect and 
steric effect on the pyrrole ring and the polymer chain. The methyl group was selected 
in an attempt to minimize these secondary effects. 
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3.2 The blocking group approach  
The blocking group approach allows the number of beta-positions within the polymer 
that are available for branching and cross-linking to be decreased relative to those 
present in un-blocked polymer. The approach therefore, lowers branching and cross-
linking levels. By combining different ratios of blocked and un-blocked monomers, the 
levels of branching and cross-linking can be modulated and controlled. 
Our initial hypothesis was that lower levels of cross-linking and branching would 
produce a polymer containing chains that have a greater degree of movement and as a 
consequence result in larger (increased strains) and quicker (increased strain rates) 
actuations. However, it was also anticipated that decreased crosslinking and branching 
might lead to increased non-bonding interactions such as pi-stacking which might 
restrict chain movement and result in a denser and harder material. 
3.2.1 Blocking group selection 
The methyl group was selected for use as a blocking group. Most atoms and groups that 
are attached to a carbon atom exert an electron-withdrawing Inductive Effect (-I effect) 
e.g. halogens, owing to them being more electronegative than carbon. Alkyl groups are, 
however, the major exception and are known to be capable of electron-donation (+I 
effect). For alkyl groups the effect is “quantitatively rather small”, and depends upon 
the type of alkyl group
125
. The ability to donate electrons increases in the order: methyl, 
primary, secondary and tertiary. On this basis the methyl group will have the lowest 
electron donating effect. In addition, alkyl groups have the potential of displaying an 
effect known as hyperconjugation, which can have lead to them being slightly electron-
withdrawing under suitable circumstances (attached to an aromatic ring). The combined 
effect of a weak inductive effect (electron-donating) and hyperconjugation (electron-
withdrawing) makes the methyl group one of the most electronically “passive” groups 
that could be selected. 
In addition the methyl group is one of the smallest functionalities available to a chemist, 
other than single atoms, and will therefore display a minimal steric effect compared to 
the majority of other functional groups. All single atoms that could have been selected, 
having sizes comparable to the size of a hydrogen atom, display larger electronic effects 
(both Inductive and Mesomeric) e.g. the fluorine atom, and were not suitable for 
selection as a blocking group. 
It was also important to minimize steric effects that lead to an increase in the torsional 
angle between adjacent monomer units in the polymer chain. This will reduce the chains 
ability to take up a coplanar arrangement and thereby make polaron and bipolaron 
formation more difficult
24
. On the other-hand steric effects are potentially advantageous 
from the viewpoint of blocking e.g. 3-methyl-1H-pyrrole. In the case of singly beta-
substituted pyrrole, not only will one of the positions be completely blocked with 
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respect to substitution (branch formation and cross-linking) but the remaining 
unblocked beta-position will be more crowded and likely require higher activation 
energy for substitution and potentially lower substitution at that position. 
Two monomers were selected: 3-methyl-1H-pyrrole and 3,4-dimethyl-1H-pyrrole, 
shown in figure 3.1, for use in our work. 
 
            
                    (a) 
 
 
              
                   (b) 
 
            
                      (c) 
Fig 3.1 Monomers used: (a) pyrrole (Py) (b) 3-methyl-1H-pyrrole (3MPy) and (c) 3,4-
dimethyl-1H-pyrrole (3,4-DMPy). 
With both of the beta-positions substituted, as in 3,4-dimethyl-1H-pyrrole, blocking will 
be complete and branching and cross-linking will not be possible. The polymerization 
of 3,4-dimethyl-1H-pyrrole to form 3,4-dimethyl-1H-polypyrrole (homopolymer), will 
lead to “spaghetti- like” polymer chains with no branching and cross-linking. 
Copolymerization of 3,4-dimethyl-1H-pyrrole with pyrrole is envisaged as leading to a 
polymer network that will have much lower levels of branching and cross-linking 
compared to polypyrrole, with branching and cross-linking being possible only where 
there is a pyrrole monomer unit present. The possible decrease in branching introduced 
by a 3,4-dimethyl-1H-pyrrole monomer unit will be matched by the decreased potential 
for cross-linking. We would therefore expect to see both branching and cross-linking to 
decrease in parallel with increasing 3,4-dimethyl-1H-pyrrole content. 
With just one of the beta-positions blocked, as in 3-methyl-1H-pyrrole, blocking will 
only be partial. However, we would expect the degree of blocking to be significant. The 
presence of one blocking group will decrease the number of beta-positions available for 
substitution by 50%. In addition, the increased steric effect caused by the beta-
substituent on the unsubstituted beta-position, will further deter branching and cross-
linking at this position. With this in mind, the potential for blocking branching and 
cross-linking can be envisaged as being considerably higher than 50% relative to 
pyrrole. However, although branching and cross-linking will be reduced, it will still be 
possible to substitute the partially blocked, 3-methyl-1H-pyrrole monomer. 
Polymerization of 3-methyl-1H-pyrrole to form 3-methyl-1H-polypyrrole 
(homopolymer) would still be expected to produce a branched and cross-linked 
network, albeit at much reduced levels. 
The predicted order of decreasing branching and cross-linking is shown in figure 3.2. A 
decrease in the levels of both branching and cross-linking with increasing 3,4-DMPy 
94 
 
content was predicted. A similar, but smaller, decrease in the levels of branching and 
cross-linking with increasing 3MPy content was also expected, but the relative decrease 
in branching to cross-linking, would not be possible to predict. It is possible that the 
decrease in branching and cross-linking would not be run in parallel, as was predicted 
for the 3,4-DMPy monomer i.e. the decrease in branching might possibly be less than 
the decrease in cross-linking.   
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 >> 
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Fig 3.2 Predicted order of decrease in cross-linking and branching displayed by the 
synthesized polypyrroles with monomer type. 
 
3.2.2 Control of copolymer ratios  
An issue commonly associated with polymerization involving mixed monomers 
(copolymerization) is that they are more difficult to both initiate and control. The ratios 
of the monomers present within the final copolymer will depend both on the precise 
conditions and the relative reactivity of the respective monomers. The ratios displayed 
within the monomer will be subject to both kinetic and thermodynamic control. The 
more readily the monomer undergoes polymerization (initiation and propagation) the 
more it will be incorporated within the polymer. 
On the basis of the most recognized mechanism that has been proposed for 
electropolymerization
55,56
, the initiation of electropolymerization involves the removal 
of an electron from two monomer units to form the two free-radical cations, which then 
must approach each other to initiate chain formation (chain addition and propagation). 
In other words, polymerization requires the approach of two free-radical cations and not 
the approach of a free-radical cation on a nearby neutral monomer unit. 
A decreased in the concentration of a particular monomer within the polymerization 
solution will lead to a decrease in the amount of that monomer being incorporated into 
the growing polymer chain. This is based on the fact that the reactive species (free-
radical cations) will find it increasingly less likely to “find” a free-radical cation of the 
same type as its presence in the reacting system is decreased. It will therefore be more 
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likely to find and react with those free-radical cations that are present in higher 
concentrations. 
This view is based upon accepted scientific principles e.g. that an increase in the 
concentrations of a reacting species within a system leads to an increase in the rate at 
which the species reacts. Although, copolymer ratios can in certain circumstances be 
quantified using an analytical technique, this possibility is polymer dependant and when 
the monomers present within the polymer are very similar or their functionalities 
masked by other species present within the polymer matrix, this can become difficult to 
impossible to assess. For these copolymers this is likely to be the case and attempts at 
developing such a method might form the basis of an entire PhD. 
However, as explained it is considered highly likely and reasonable that an increase 
concentration of a particular monomer within our system will lead to increased reaction 
and incorporation of that monomer into the copolymer. Using this approach copolymer 
ratios were changed by using different concentration ratios within the polymerization 
solution employed. However it was ensured that the voltage employed (0.55 V) was 
greater than the oxidation potential for all the monomers used, so that they are all 
capable of forming free-radical cations. On the basis of Diaz’s mechanism the use of a 
polymerization potential capable of forming just one type of free-radical cation, would 
lead to the formation of a homopolymer and not a copolymer. 
The experimental work that was undertaken developed naturally into two stages. The 
first stage was a development phase, in which suitable conditions were determined such 
as monomer ratios, polymerization potentials etc, which was necessary to undertake the 
work successfully. The second phase involved the application of the conditions that 
were developed in the first stage and represents the work that we originally set out to 
undertake. Although this work will be discussed in detail in later sections it is helpful at 
this stage, to state that that it was found to necessary to use a porous gold working 
electrode to successfully make actuation measurements
126
.  
 
3.3 Experimental details 
3.3.1 Preparation of polymerization solutions 
Aqueous solutions containing 0.10 M NaDBS and 0.10 M of the relevant pyrrole were 
used to prepare homopolymer films e.g. PPy(DBS), 3-MPPy(DBS) and 3,4-
DMPPy(DBS). 
Copolymerization solutions were prepared so as to produce a combined monomer 
concentration of 0.10 M and containing 0.10 M concentrations of NaDBS. This was 
achieved by first preparing: A) an aqueous solution containing 0.10 M blocked 
pyrrole and 0.10 M NaDBS and B) an aqueous solution containing 0.10 M pyrrole and 
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0.10 M NaDBS. These solutions were then combined in different volume ratios as 
illustrated in figure 3.3. This figure shows the preparation of a solution of mixed 
monomers having a combined concentration of 0.10 M, formed from 1 ml of 0.10 M 
solution A and 24 ml of solution B.  
In this work copolymers formed using solutions prepared with 1ml of 0.10 M 
blocked pyrrole are termed “1 ml copolymers”. Similarly, other copolymers are 
referred to as being “0.75 ml copolymers”, “0.50 ml copolymers”, etc. depending upon 
the volume of 0.10 M blocked pyrrole used to make up the polymerization solutions 
from which they were made. 
For 3MPPy-co-PPy(DBS), the copolymers synthesized and actuated in the final section 
of this work, were: “0.5 ml copolymer”, “0.75 ml copolymer” and “1 ml copolymer”. 
Similarly, “0.5 ml copolymers”, “0.6 ml copolymers” and “0.7 ml copolymers” were 
prepared for 3.4-DMPPy-co-PPy(DBS) and their actuation studied. 
       
Fig 3.3 Preparation of copolymer polymerization solutions, illustrated for 3MPy. 
Unfortunately, these solutions were not suited to storage, even when stored in the 
laboratory freezer compartment of the fridge. When this was done, solutions darkened 
and within 24 hours, with black suspended particulates typically seen with pyrrole 
solution after several days storage. This was unfortunate as solutions were time 
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consuming and difficult to prepare due to the tendency of NaDBS (aq) solutions to foam 
on transfer and making up of solutions. This meant that solution had to be freshly 
prepared and used immediately to polymerize films. 
 
3.3.2 Preparation of porous gold working electrodes (pAuWE) 
As was stated earlier it was found to be necessary to use porous gold working electrodes 
to successfully undertake this work
30
. These electrodes were formed using a standard 
AuWE, whose preparation has been described in detail in Section 1.1.3.1, and 
electroplating a layer of porous gold on to the existing gold surface of the AuWE. The 
exact conditions are given in table 3.1. 
The surface of the AuWE was first “cleaned” by heating in “Piranha solution” 
(H2SO4:H2O2:H2O = 1:2:4 volume ratio) at approximately 70 
o
C for 5 minutes and 
thoroughly rinsed with deionized water prior to electroplating to prepare the gold 
surface (Note: Piranha solution is hazardous, particularly when hot and should not be 
used without first undertaking a full COSHH assessment and training to cover safe use 
and disposal. In particular it should never be disposed of with organic solvents as there 
is a risk of explosion).   
Electroplating was undertaken using a dilute aqueous mixture of two types of 
commercially available gold electroplating salt (Neutronex 309 A and 309 B) and 
conditions commonly used at Linkoping University, Sweden. The electroplating 
conditions first allowed an initial “seeding” period followed by a “growth” period. A 
used a porous gold layer of five microns was used. 
The same pAuWE was employed throughout the work so as to ensure a fare comparison 
was made between the different films. The pAuWE electrode was “cleaned” after use to 
remove all traces of the prior polymer films by heating in TL1, as describe in Section 
1.1.6.  
Electroplating solution: 
 
A solution low Au concentration stock 
containing Neutronex 309A, Neutronex 
309B and  deionized water in the ratio: 10 
ml: 300 ml: 190 ml 
 
Electroplating conditions: 
 
1) Seeding period: -0.7 V for 120 s 
  
2) Growth period: -0.9 V for 390 s  
       (for a 5 micron layer)  
 
 
Table 3.1 (a) Electroplating solutions and (b) electroplating conditions used to form 
porous gold working electrode. 
3.3.3 Polymerization conditions 
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All polymer films were polymerized as described in Section 1.1.5 using potentiostatic 
conditions of 0.55 V vs. Ag/AgCl, using 7 ml of 0.1 M monomer(s), 0.1 M NaDBS(aq) 
solutions at room temperature to a thickness of five microns. 
Films were actuated as described in Section 1.1.6 using an initial conditioning period of 
0 V (100s) followed by a square wave potential of -1 V (200 s) and 0 V (200 s). 
Actuation was continued until the actuation profiles could be seen to have reached their 
fully irreversibly expanded state. This “stable state” (end cycles) is representative of the 
long term performance of the polymer. This typically can be anywhere between 20 to 
100 cycles and under the conditions we have employed, is dependent upon the type of 
polymer film being actuated.  
 
3.4 Results and discussion 
3.4.1 Initial results 
The polymerization of homopolymer films of 3-MPPy(DBS), at 0.55 V vs. Ag/AgCl, 
occurred readily, at growth rates considerably faster than that of PPy(DBS). 
Unfortunately, the actuation of these films all resulted in failure, after a small number of 
cycles, via fracture and delamination. Figure 3.4 shows the typical appearance of these 
films before and after actuation. Prior to failure the films displayed very large 
irreversible expansion which continued right up to failure. Failure was evident from the 
sudden change in the actuation profiles. 
 
(a) 
 
       
 
(b) 
       
         
 
Fig 3.4 A 5 m film of 3MPPy(DBS) both (a) before and (b) after actuation. Fracture 
and delamination was evident during actuation of these films even when a porous gold 
working electrode was used. 
It would appear that blocking of cross-linking and branching in these 3-MPPy(DBS) 
homopolymer films is too great, resulting in a polymer that undergoes large irreversible 
99 
 
expansion and has poor mechanical strength. We tried polymerizing 3-MPPy(DBS) 
films at higher polymerization potentials in an attempt at increasing substitution in the 
unblocked-beta position (4-position) and produce an increase in cross-linking, but all 
are attempts failed to produce a form of polymer that could continue to be actuated for 
more than a few cycles even when a porous gold working electrode was employed. 
Given the failure of these films, we expected to see similar behaviour for homopolymer 
films of 3,4-DMPPy(DBS) when actuated, given that the degree of blocking in this 
polymer would be complete, producing a totally un-branched and non-crosslinked 
polymer. This was the case and these films very quickly failed by fracture and 
delamination upon actuation.  
The lack of branching and cross-linking in homopolymer films of 3,4-DMPPy(DBS) 
was evident during cyclic voltammetry measurement made on 0.1 M 3,4-DMPy, 0.1 M 
NaDBS (aq) solutions. On cycling between 1 V and -1 V, a black adherent film was 
formed on the AuWE, which on removal from the polymerization solution could be 
seen to be covered with a relatively thick film of gel as shown in figure 3.5. This 
revealed two things, first that the absence of cross-linking and branching in these films 
results in very large solvent swelling leading to gels. Secondly, due to the presence of a 
black polymer layer on the Au substrate, it illustrates that these films, although un-
branched and non-crosslinked, are capable of forming what appeared to be dense 
polymer films. This might be explained through the operation of a form of non-bonding 
interaction such as pi-stacking
33
 and chain entanglement. 
                                  
Fig 3.5 The formation of a black adherent polymer film on the surface of the AuWE, 
surrounded by a very large and soft layer of gel. These films were formed during cyclic 
voltammetry measurements using 0.1 M 3,4-DMPy, 0.1 M NaDBS (aq) solutions on 
cycling between 1 V and -1 V.  
Given the failure of all the homopolymer films that were polymerized and actuated, 
copolymer films were next synthesized and actuated. These films could be expected to 
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demonstrate levels of branching and cross-linking between those of the beta-substituted 
homopolymers (3MPPy(DBS) and 3,4-DMPPy(DBS)) and polypyrrole (PPy(DBS)). 
Once again it was found that the actuation of copolymer films formed using relatively 
high concentrations of beta-substituted pyrroles, lead to films that underwent large 
irreversible expansions prior to failure by fracture and delamination. Eventually it was 
possible to actuate copolymer films for extended periods prior to fracture, by forming 
copolymer films using polymerization solutions containing low concentrations of beta-
substituted pyrrole. Figure 3.6 shows a typical actuation profile for “1.5 ml to 5 ml 
copolymers”. These films typically undergo large irreversible expansion (region A) 
from the onset of actuation and then enter a period of rapidly increasing irreversible and 
reversible expansion (region B), which we believe to be the result of plastic 
deformation, followed by fracture and delamination occurring at point C. 
      
Fig 3.6 The actuation profile obtained for 1.5 ml 3MPPy-co-PPy(DBS). 
Examination of these films post-actuation revealed not only regions of fracture, but also 
regions of what appeared to be plastically deformed polymer, in the form of rings and 
ripples. The typical appearance of these plastically deformed regions is shown in figure 
3.7. 
 
 
101 
 
 
(a)  
       
 
 
(b) 
       
 
 
Fig 3.7 Microscope images of 1.5 ml 3MPPy-co-PPy(DBS) films (a) before and (b) 
after actuation. Image (b) shows rings and ridges that were typical for 3MPPy-
coPPy(DBS) films formed using a couple of ml or more of 3MPy in the polymerization 
solutions. 
The levels of 3MPy in the 3MPPy-co-PPy(DBS) copolymer were lowered further by 
using smaller volumes of 3MPy in the polymerization solutions. This is illustrated in 
figure 3.8, which shows an overlay of the first few actuations of 0.75 ml to 2.50 ml 
3MPPy-co-PPy(DBS) copolymer films. The figure nicely illustrates that there is a 
transition in behaviour above 1 ml 3MPPy-co-PPy(DBS) with the large and unstable 
irreversible and reversible expansions that occur above the 1.5 ml  3MPPy-co-
PPy(DBS) copolymer are no longer evident. For films containing levels of blocked 
monomer at or below the 1 ml level, no plastic deformation was observed in 
microscopic images of the films post-actuation or from the appearance of the actuation 
profiles. Films in this range were capable of undergoing sustained reversible actuations 
for long periods without failure and reached a “stable end state” corresponding to a 
maximum level of irreversible expansion and typical of the behaviour of PPy(DBS) 
films actuated in earlier sections of this thesis. 
Through the combined use of a pAuWE and low levels of blocked pyrrole monomer a 
range of  3MPPy-co-PPy(DBS) copolymers suitable for investigation could be formed 
using polymerization solutions prepared using: 0 ml < x ml ≤ 1 ml 3MPPy-co-
PPy(DBS). By the same approach it was possible to identify a similar range for the 3,4-
MPPy-co-PPy(DBS) to be 0 ml < x ml ≤ 0.7 ml 3,4-MPPy-co-PPy(DBS). 
Figure 3.9 shows an overlay of two full actuation sequences, one for 1 ml 3-PPy-co-
PPy(DBS) and the other for PPy(DBS). Both actuation sequences show similar shaped 
profiles, and demonstrate the ability to undergo sustained reversible actuations in their 
stable states without the deterioration of performance typically associated with either 
deformation or fracture and delamination. 
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Fig 3.8 An overlay of the first four actuation cycles of 3MPPy-co-PPy(DBS) 
copolymers containing decreasing levels of 3MPy monomer. The sequences illustrate 
that there is a transition in behaviour in the region of the 1.5 ml 3MPPy-co-PPy(DBS) 
copolymer. 
 
              
Fig 3.9 An overlay of the actuation sequences for 5 m films of 1 ml 3MPPy-co-
PPy(DBS) and PPy(DBS). 
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At this stage it can be concluded that high levels of blocking leading to low levels of 
cross-linking and decreased branching and results in polypyrrole films that have poor 
actuating properties and low mechanical strength. The large increase in irreversible 
expansion is likely the result of increased solvent swelling. The formation of a gel like 
polymer for 3,4-DMPPy(DBS) during cyclic voltammetry measurements is an extreme 
case of solvent swelling resulting from low cross-linking levels. 
The next section shows the results of an investigation of the two suitable ranges 
identified by the preliminary work for 3MPPy-co-PPy(DBS) and  3,4-DMPPy-co-
PPy(DBS) i.e. 0.5-1 ml and 0.5-0.7 ml respectively.    
 
3.4.2 Main results and discussion 
In this section the actuation performance of 3MPPy-co-PPy(DBS) and  3,4-DMPPy-co-
PPy(DBS) are compared with PPy(DBS). The films all have a thickness of five microns 
and were synthesized and actuated under the same conditions e.g. all films were 
actuated on the same pAuWE. Each point represents the mean of three replicate 
measurements and the error bars are ± 1SD. Unless stated otherwise the measurements 
are for the reduction scan in the “stable state” (fully irreversibly expanded state; end 
cycles).  
Figure 3.10 shows the reversible expansion of the films as a function of increasing 
blocked monomer content. The first thing to note is that the reversible expansion of the 
copolymers is less than that of the PPy(DBS). Therefore the actuating performance of 
the copolymer films is decreased by the presence of the blocking groups and 
corresponds to a decrease in cross-linking and branching. This decrease in performance 
is not in keeping with the initial hypothesis, in which we predicted that there would be 
an increase in the reversible expansion with a decrease in the levels of cross-linking. 
The trend within the polymers series is another interesting feature to note. There is a 
clear increase in the reversible expansion with increasing blocked monomer content for 
3,4-DMPPy-co-PPy(DBS) and corresponds with a decrease in both cross-linking and 
branching. This trend, within the copolymer series (0.5 to 0.7 ml) is in keeping with the  
initial hypothesis. There is a slight decrease in the reversible expansion observed 
between 0.5 ml and 0.75 ml for 3MPPy-co-PPy(DBS). Between 0.75 ml and 1 ml there 
is essentially no change in the reversible expansion. Given the size of the change 
observed between 0.5 ml and 0.75 ml and the size error bars it is difficult to say if the 
decrease in the mean value in this range represents an actual trend or is due to the 
variation in the level of reproducibility for the replicate measurements. 
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Fig 3.10 An overlay showing the differences between the reversible expansions of the 
copolymer films and PPy(DBS) in the stable state. In addition, the overlay reveals 
changes in the reversible expansion that occur “within” the individual copolymer series. 
Note: the plotted point for PPy(DBS) is shown slightly displaced to the right hand side 
of the y-axis for ease of illustration (as indicated by the blue arrow). 
Figure 3.11 represents one of the most important findings of the work. It shows the 
change in irreversible expansion for the copolymers compared to PPy(DBS) with 
increasing blocked monomer content. There is a clear correlation between the 
irreversible expansion and increased levels of blocking. This represents a correlation 
between decreased levels of cross-linking and branching and irreversible expansion. 
There is an increase in the mean irreversible expansion for all the copolymers compared 
to PPy(DBS). 
It is interesting to note that the irreversible expansion of 3,4-DMPPy-co-PPy(DBS) 
series is less than that of the 3MPPy-co-PPy(DBS) series, for most of its range. It is 
only the 0.7 ml 3,4-DMPPy-co-PPy(DBS) that is within the same range of irreversible 
expansions for 3MPPy-co-PPy(DBS). However, the 3,4-DMPPy-co-PPy(DBS) series 
does have a narrower range. In addition the gradient is of the 3,4-DMPPy-co-PPy(DBS) 
series is significantly steeper than the 3MPPy-co-PPy(DBS) series. If extrapolated to 1 
ml, the 3,4-DMPPy-co-PPy(DBS) series would have a significantly higher irreversible 
expansion. This is in line with the earlier findings that 1 ml 3,4-DMPPy-co-PPy(DBS) 
was not capable of being successfully actuated long term without failure associated with 
large irreversible expansions. 
 
0
0.5
1
1.5
2
2.5
3
0 0.2 0.4 0.6 0.8 1 1.2
3MPPy-co-PPy(DBS)(aq)
3,4-DMPPy-co-PPy(DBS)(aq)
PPy(DBS)(aq)
Amount of  blocked  monomer in polymerization solution (ml) 
R
ev
er
si
b
le
 e
x
p
an
si
o
n
  
(
m
) 
105 
 
The greater irreversible expansion of 3MPPy-co-PPy(DBS) in the range 0.5ml to 0.75 
ml compared to 3,4-DMPPy-co-PPy(DBS), might be the result of the differences in 
relative increases in cross-linking and branching that occur within the copolymers with 
increasing blocked monomer content i.e. the ratio of branching: cross-linking. As the 
levels of 3,4-DMPy increase within 3,4-DMPPy-co-PPy(DBS) there would be expected 
to be a near equal decrease in both cross-linking and branching. Whereas this might not 
necessarily be the case for 3MPPy-co-PPy(DBS) with increasing 3MPy content. It is 
possible that the decrease in cross-linking is greater than the decrease in branching. The 
differences in the irreversible expansion of the copolymers in the range 0.5 ml to 0.75 
ml might be due to the differences in branching i.e. that a combination of low cross-
linking and relatively high branching lead to the largest expansions. An increase in 
branching without an increase in the levels of cross-linking would not increase the 
connectivity within the network and would tend to increase the distances between 
adjacent branched sections, leading to less rigid a lower density network. 
 
          
Fig 3.11 An overlay showing the difference in the irreversible expansions of the 
copolymers compared to PPy(DBS) and also the variation in the irreversible expansion 
with increasing blocked monomer content in the stable state. 
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Figure 3.12 compares the maximum reversible expansion rates for 3MPPy-co-
PPy(DBS) and PPy(DBS), during the reduction and oxidation scans in the stable state. 
One of the first things to observe is that the expansion rates are slower for all of the 
3MPPy-co-PPy(DBS) copolymers compared to PPy(DBS). In addition it is evident that 
the rate of actuation during reduction (blue line) is always greater than the rate during 
oxidation (red line) for both the 3MPPy-co-PPy(DBS) copolymers and PPy(DBS). 
Comparing the expansion rates across the series of 3MPPy-co-PPy(DBS) copolymers, 
there is little change discernible, this might be due to the relatively large variation in the 
values of the replicate measurements, as indicated by the large error bars. 
As has been discussed in previous sections of this thesis, the maximum expansion rate 
usually occurs very early on in each scan, typically within the seconds just after 
switching. Therefore the time it takes for the samples to undergo 80 % of their 
maximum reversible expansion was also used as a metric for speed for both the 
copolymers and PPy(DBS), which are displayed in figure 3.13. 
 
     
Fig 3.12 Maximum expansion rates for 3MPPy-co-PPy(DBS) and PPy(DBS) in the 
stable state during the reduction and oxidation scans. 
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Fig 3.13 An overlay comparing the mean times taken to reach 80% maximum reversible 
expansion during the reduction scans and in the stable state for 3MPPy-co-PPy(DBS) 
and PPy(DBS). 
Figure 3.13 again reveals that actuation occurs more quickly during reduction compared 
to oxidation. The time taken to reach 80% maximum expansion is greater than 
PPy(DBS) for 0.5 ml 3MPPy-co-PPy(DBS) but less for both the 0.75 ml and 1 ml  
3MPPy-co-PPy(DBS). There is also a decrease in the expansion times for the 
copolymer series on going from the 0.5 ml to 1 ml 3MPPy-co-PPy(DBS) copolymer. 
However, caution needs to be exercised in interpreting this change as the expansion 
times correspond to percentage changes. Given that there is a slight decrease in the 
reversible expansions on going from 0.5 ml to 1 ml 3MPPy-co-PPy(DBS) copolymer 
(see figure 3.10) the decrease in expansion times might be due to the lower reversible 
expansion displayed for the 0.75 ml and 1 ml copolymers compared to the 0.5 ml 
copolymer. 
Figure 3.14 shows the data used to produce figure 3.13 displayed in a different way and 
shows the individual replicate measurement and not their means. The heights of the 
columns show the combined totals of the reduction and oxidation expansion times. 
Again there is a decrease in the expansion times between the 0.5 ml and 0.75 ml 
copolymers.   
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Fig 3.14 Combined (reduction + oxidation) times to 80 % maximum reversible 
expansion of 3MPPy-co-PPy(DBS) and PPy(DBS) for each of the replicate 
measurements in the stable state.  
Figures 3.15 and 3.16 for 3,4-DMPPy-co-PPy(DBS) similarly show that the expansion 
times during reduction are less than those during oxidation. Figure 3.16 shows that there 
is a decrease in the expansions times on going from 0.5 ml to 0.7 ml 3,4-DMPPy-co-
PPy(DBS). In fact it would appear that the expansion times for both 0.6 ml and 0.7 ml 
3,4-DMPPy-co-PPy(DBS) are on average less than for PPy(DBS). As mentioned 
previously, the time to 80 % expansion deals with percentages and any decrease in the 
expansion time might be the result of a decrease in the magnitude of the maximum 
reversible expansion and not due to a real increase in the expansion times. However, in 
this case the decrease in the time to 80 % maximum expansion is a real decrease as it 
corresponds with an increase in the maximum reversible expansion from 0.5 to 0.7 ml 
(see figure 3.10). So there would appear to be an increase in actuation speed for the 3,4-
DMPPy-co-PPy(DBS) copolymer with increasing blocking and decreasing branching 
and cross-linking. 
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Fig 3.15 The mean times to reach 80% maximum reversible expansion for 3,4-DMPPy-
co-PPy(DBS) and PPy(DBS) in the stable state. 
 
       
Fig 3.16 Combined (reduction + oxidation) times to 80 % maximum reversible 
expansion of 3,4-DMPPy-co-PPy(DBS) and PPy(DBS) for each of the replicate 
measurements in the stable state. 
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Figure 3.17 shows that there is a decrease in the charge which flows during redox 
switching of the copolymers compared to PPy(DBS). This might partly explain why the 
reversible expansion of the copolymer films is less than the PPy(DBS) films. As 
explained in section 3.2.1, the methyl blocking group will have an electronic and steric 
influence on the pyrrole ring and the polymer chain. These electronic and steric effects 
if significant would be expected to reduce the number of polarons and bipolarons within 
the polymer and decrease its electroactivity. 
 
 (a) 
                 
 
 
 (b) 
            
 
 
Fig 3.17  Charge flow that occurs during switching for (a) 3MPPy-co-PPy(DBS) and 
(b) 3,4-DMPPy-co-PPy(DBS) relative to PPy(DBS).  
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However, it does not account for the increase in the reversible expansion observed for 
3,4-DMPPy-co-PPy(DBS) with increasing levels of blocked monomer i.e. on going 
from 0.5 to 0.7 ml 3,4-DMPPy-co-PPy(DBS). This increase must therefore originate 
from some other source such as increased freedom of movement of the polymer chains 
associated with decreased levels of crosslinking. 
 
3.5 Further discussion 
In the preliminary work (section 3.4.1) it has been shown that the blocking group 
approach to changing cross-linking and branching results in huge and unstable 
irreversible expansions and reversible expansions. This behaviour is typically observed 
for 3MPPy(DBS) and 3,4-DMPPy(DBS) and their copolymers with PPy(DBS), 
containing high levels of blocked monomer e.g. several ml or more of blocked 
monomer in the polymerization solution. These polymers undergo failure by 
delamination and fracture after a small number of cycles (see figure 3.4). At lower 
levels of blocked monomer e.g. 2-3 ml the copolymers are more amenable to actuation 
and can be actuated for longer periods prior to undergoing failure, this time by 
deformation rather than fracture (see figure 3.7). Deformation in this range is likely the 
result of creep and an indication of plastic deformation. Both deformation and fracture 
is clearly visible in the profiles of the actuation sequences for these films. At lower 
levels of blocked monomer the copolymer films were capable of being successfully 
actuated to their fully irreversibly expanded state (“stable” or “end” state). These ranges 
were below 1 ml and 0.7 ml respectively for 3MPPy-co-PPy(DBS) and  3, 4-DMPPy-
co-PPy(DBS). In this region the behaviour is elastic in nature and actuation could be 
sustained long term without failure of the films. This transition from elastic to plastic to 
brittle failure is reminiscent of what is seen during a “tensile test” and it would appear 
that the actuating polymer is in a sense performing a “tensile test on itself” as it 
actuates. 
Another very interesting observation that was made of the “spaghetti like” 3,4-DMPPy 
(aq) homopolymer, which is incapable of cross-linking and branching, was that it can 
exist in two very different physical forms. The first being a very adherent black polymer 
film that was formed initially next to the AuWE. This homopolymer was much more 
resistant to removal from the AuWE when heated with hot TL1 wash compared to the 
copolymer films that we prepared. The material appeared denser than the copolymer 
films. The second form of this material was a very soft gel which formed on the outer 
surface of the first form. This appeared after being left in contact with aqueous 
electrolyte for approximately half an hour after the end of the cyclic voltammetry 
measurements. 
This material demonstrated that linear un-branched and non-crosslinked chains can form 
both adherent solid films initially and soft gels when swollen. The first formed adherent 
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layer strength can only be explained the operation of some non-bonding interaction. 
This type of bonding would appear to be readily overcome by the penetration of the 
surrounding solvent, in the case where no branching and cross-linking is present. 
The main work here has shown that there is a strong correlation between the amount of 
blocking of the beta-positions in the polymer chain and the size of irreversible 
expansion that polypyrrole films undergo upon actuation. This can be explained by the 
decreased levels of cross-linking and branching introduced by the blocking group, in-
line with the initial hypothesis. This correlation between irreversible expansion (solvent 
swelling) is recognized and commonly used within the polymer industry, where the 
phenomenon is described as “solvent swellability” and it measurement which can take 
several weeks to perform, as “swelling studies”. Solvent swellability is used as a 
standardized way of assessing crosslinking (e.g. American test standard: ASTM F2214-
02(2008)). In this sense, the actuation sequences obtained here for the polymer films 
form a type of “dynamic” swelling study. 
It was noted that the size of the irreversible expansion for the 3MPPy-co-PPy(DBS) 
series was generally larger than that of the 3,4-DMPPy-co-PPy(aq) series. Initially this 
was a surprise as we expected the 3,4-DMPPy-co-PPy(aq) series of copolymers to 
display a larger irreversible expansion due to the presence of blocking groups in both of 
its beta-positions compared to just one, in the 3MPPy-co-PPy(aq) series of copolymers. 
This might be explained by the fact that the 3,4-DMPPy-co-PPy(aq) series was a 
narrower range series (0.5 to 0.7 ml) compared to the 3MPPy-co-PPy(aq) series. 
However this does not explain why the 3MPPy-co-PPy(aq) series still displays a higher 
irreversible expansion in the shared range ( 0.5 to 0.7 ml). This could be explained by 
the increased levels of branching that will likely be present within the 3MPPy-co-
PPy(aq) series.  
On this basis, not only would a decrease in branching cause an increase in irreversible 
expansion, but the combination of low levels of cross-linking with a relatively high 
level of branching, increases this effect further. Certainly, increased levels of branching 
will result in a more open and lower density network compared to one with lower levels 
of branching, whose chains can be packed more closely together.    
From the point of view of performance it was unfortunate that the presence of the 
blocking group resulted in decreased levels of reversible expansion relative to the 
unblocked polymer. This decrease relative to the unblocked polymer is most likely the 
result of electronic and steric effects introduced by the blocking group. However, the 
changes that occur in the reversible expansion within the blocked polymer series cannot 
be explained by electronic and steric effects. For example, it has been shown that there 
is an increase in the reversible expansion occurs across the 0.5 ml to 0.7 ml 3,4-
DMPPy-co-PPy(DBS) series which corresponds with a decrease in the charge flow that 
occurs during switching. Therefore, what is noted is an increase in the reversible 
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expansion alone with an apparent decrease in the levels of polarons and bipolarons 
within the film. Such a decrease would be expected to cause a decrease in the reversible 
expansion of the film and not an increase. The most probable explanation for this 
increase in reversible expansion is the decrease levels of cross-linking, introduced by 
the blocking groups, allowing the polymer chain to move more freely. This is intuitive 
and is in keeping with the initial hypothesis. 
For the majority of the copolymers studied, the actuation speeds appear to be less than 
PPy(DBS), as revealed by the expansion times. In addition, actuation was seen to be 
slower during the oxidation scan than during the reduction scan for both the copolymers 
and PPy(DBS) and is consistent with normal polypyrrole (see figures 3.12 and 3.13).  
Also noted is an apparent increase in actuation speed across both series of copolymers. 
However, the measurement of expansion rates and times has been made difficult by the 
use of a relatively large data point interval. This was out of necessity, due to the 
software restriction of using less than 10000 points in a single procedure. Given the 
relatively larger data point intervals, the times to 80 % maximum expansion did appear 
to be a more reliable and sensitive indication of the changes that occur in the speed of 
actuation within the copolymer series (compare figures 3.12 and 3.13). On this basis the 
actuation times decrease with increasing blocked monomer content for both series of 
copolymers. In the case of the 0.7 ml 3,4-DMPPy-co-PPy(DBS) expansion time is 
lower than for PPy(DBS). 
 
3.6    Conclusion 
The research has shown that a “blocking approach” using substituted monomers can be 
successfully used to change the levels of cross-linking and branching within 
polypyrroles and thereby influence both the reversible and irreversible expansion.  
The main finding has been that there exists a strong correlation between cross-linking 
and irreversible expansion, with decreasing levels of cross-linking, producing a large 
increase in the irreversible expansion.  
By using two different types of blocked monomer (3MPy and 3,4-DMPy) data has also 
been obtained that suggests that under certain circumstances a combination of relatively 
high levels of branching and low levels of cross-linking can produce larger increases in 
irreversible expansion than decreasing levels of cross-linking on its own. 
The reversible expansion of all the copolymers prepared in this work have been lower 
than PPy(DB)(aq) and this combined with an increase in the irreversible expansion, 
results in films with a lower actuating performance. 
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This decrease in reversible expansion relative to PPy(DBS) is most likely the result of a 
combination of changes due to electronic and steric effects caused by the blocking 
group, as well as crosslinking and branching. In addition, there was an increase in 
reversible expansion corresponding with decreased levels of cross-linking within the 
3,4-MPPy-co-PPy(DBS) series of copolymers. This was in keeping with the initial 
hypothesis that decreased cross-linking would lead to increased reversible expansion. 
The magnitude of the reversible expansion would appear to depend upon the balance 
between the blocking effect and electronic and steric effects. Unfortunately, the increase 
in reversible expansion seen for the 3,4-MPPy-co-PPy(DBS) series of copolymers 
coincides with an increase in the irreversible expansion and therefore there is little to no 
increase in strain performance. 
It has been shown that there is an increase in actuation speeds within the 3,4-DMPPy-
co-PPy(DBS) copolymer series, with increasing levels of blocked monomer and 
corresponding with decreasing levels of crosslinking. In fact the 0.6 ml an 0.7 ml 3,4-
DMPPy-co-PPy(DBS) copolymer films are faster actuating films. In this respect there 
has been a slight boost in performance of these films over 0.55V PPy(DBS). 
The work has shown that very low levels of cross-linking result in very poor actuating 
films that undergo failure after a small number of cycles by brittle fracture or 
deformation, depending upon the amount of blocked monomer. In fact none of the 
blocked homopolymers could be successfully actuated for more than a few cycles 
before failure. 
By undertaking this work it has been demonstrated that changes in irreversible 
expansion can be used to monitor cross-linking changes. It is now possible to monitor 
cross-linking changes within polypyrroles without the necessity of employing a 
blocking-group. This represents a major advancement in the study of polypyrrole films 
made possible through the application of a blocking-approach. 
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4. The effect of polymerization potential on the structure and actuation 
    performance of PPy(DBS) 
4.1 Introduction 
When we first embarked upon the work outlined in the previous section of this thesis, it 
was anticipated that a decrease in crosslinking would result in an increase in the 
reversible strain, producing a better actuating material. Our reasoning was that with 
lower levels of crosslinking, the polymer chains would be less restricted and capable of 
greater movement, resulting in greater reversible strains. However, although an increase 
in irreversible strain with decreasing levels of crosslinking was observed, a decrease in 
the reversible strain was also observed. 
In the earlier work a blocking approach was used to change the degree of branching and 
crosslinking in polypyrroles. In addition to their blocking effect, beta-substituents have 
the potential of exerting both an electronic and steric affect. For example, methyl 
substituents in the beta-positions of the pyrrole ring have a greater tendency to donate 
electrons compared to hydrogen substituents, due to the Inductive Effect. In addition 
they might be expected to increase the torsional angle along the polymer backbone and 
potentially disrupt polaron and bipolaron formation. 
Although the copolymers that were synthesized and studied in the earlier work were 
polypyrroles, they were not polypyrrole in the strict sense i.e. polypyrrole 
homopolymer. We therefore wanted to see if similar effects accompanying crosslinking 
changes in the homopolymer are observed. In addition, it was of interest to see if the 
unexpected decrease in reversible strain observed for the beta-substituted polypyrroles 
was observed in the homopolymer. If not, then the decrease in the reversible strain 
observed for the copolymers with increasing beta-substitution might be the result of 
electronic effects.  
We decided to monitor changes in crosslinking indirectly through changes in the degree 
of irreversible strain (swellability). The use of swelling studies to monitor crosslinking 
changes in polymers is a standard approach used in the polymer industry (e.g. American 
test standard: ASTM F2214-02(2008)). In a sense the irreversible strain measurements 
that were made in the earlier work are a “dynamic swelling study”. By using a blocking 
group approach we identified a means of monitoring crosslinking changes in 
polypyrroles. In support of this view, an alternative approach to monitoring crosslinking 
changes was also used, one that is recognized within the field of conducting polymers, 
to act as a secondary method in support of approach. 
In addition to the use of solvent swellability to monitor the density of crosslinking, it is 
recognized that there is a strong correlation between crosslinking density and physical 
properties such as strength and toughness
26
. That this is indeed the case is clearly 
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illustrated in figure 4.1 where polypyrrole films with high levels of beta-substitution in 
the polymer backbone break after a few actuation cycles. We have also noted that these 
films are more easily removed from their AuWE using TL1 wash, even when they had 
not been actuated. Therefore it was decided to monitor changes in the physical 
properties of the polypyrrole films alongside the actuation measurements. 
Nanoindentation was selected as suitable method for monitoring changes in the physical 
properties of the thin films of polypyrrole. A decision was made to monitor changes in 
the Young’s modulus of elasticity, hardness and creep. 
 
       
Fig 4.1 Fracturing of a 5 m layer of 3-methylpolypyrrole dodecylbenzenesulphonate 
(aq), polymerized on a AuWE, after just a few actuation cycles.  
However, in order to monitor changes in polypyrrole homopolymer, an alternative 
approach to changing the degree of crosslinking in polypyrrole was needed. Both the 
electrical potential
30
 and temperature
32
 employed during polymerization were identified 
as potentially being simpler means of altering the crosslinking. 
Although discussion of the issue of branching and crosslinking in polypyrrole in the 
literature was limited, we did find some. One excellent paper
32
 did show that an increase 
in temperature during synthesis likely results in an increase in branching and 
crosslinking. It is also considered likely that higher polymerization potentials yield a 
higher degree of cross-linking (a tighter network), and thus the ability of the polymer to 
strain is reduced
30
. 
Higher polymerization temperatures and electrical potentials will likely increase the 
energy that is available within the system during electropolymerization, allowing more 
of the processes that require higher energy, such as beta substitution compared to alpha 
substitution, to take place compared to when there is less energy available to the system.  
Given the difficulties (temperature dependence) in operating reference electrodes such 
as the Ag/AgCl electrode at temperatures significantly above or below room 
temperature, and given the large variation in the solubility of NaDBS in aqueous 
solutions at temperature below room temperature and 1
o
C, it was decided to use 
polymerization potential as the means to investigate crosslinking changes. 
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4.2 Synthesis of PPy films 
PPy(DBS) films were polymerized at constant potential in the range 0.50 V to 0.90 V. 
A potential lower than 0.50 V was not employed as this would lead to very long  
polymerization time for the film thickness that was planned to synthesize (5 m for 
actuation measurement and 30 m films for nanoindentation measurement) as this 
potential is very close to the oxidation potential of pyrrole. Figure 4.2 shows the huge 
variation in polymerization times recorded for the polymerization of the 5 m films 
prepared for actuation measurement over this potential range. 
 
            
Fig 4.2 Polymerization times for the preparation of 5 m PPy(DBS) for actuation. Error bars 
are  1 SD and are only shown for the first two points as they are very small for the other points 
and impractical to use.    
Polymerization potentials greater than 0.90 V were not employed; firstly because the 
growth at this potential is very rapid and the thickness of the films becomes increasingly 
difficult to control and secondly that the over-oxidation of the polymer films becomes 
more likely. This type of decomposition leads to the formation of C=O, -O-H and CO2 
groups/molecules and loss of aromaticity within the polymer and can be seen using 
FTIR spectroscopy and is depicted in figure 4.3. 
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 Fig 4.3 Functionalities characteristic of over-oxidation of polypyrroles. 
 
4.3 Experimental details 
4.3.1 Preparation of samples for actuation 
Py(DBS)(aq) films were grown to a thickness of 5 m under potentiostatic (constant 
potential) conditions in an manner identical to that described in section 1 of this thesis. 
The only difference being that six different potentials were employed to cover the range 
0.50V to 0.90 V i.e. 0.50 V, 0.55 V, 0.60 V, 0.70 V, 0.80 V and 0.90 V, with three 
replicate samples being produced at each thickness, to give a total of 18 samples for 
actuation measurement. 
When growing the first sample at a new potential, particular care needs to be taken, as 
each new potential produces a different growth rate. Once the initial sample has been 
produced the second and third replicates are more easily formed as the growth 
conditions are then better known. 
Steps were taken to ensure all other variables were kept constant during the preparation 
of all of the samples, such as using the same Ag/AgCl RE throughout and ensuring the 
ambient temperature was constant (in the lab the temperature control was consistently in 
the range: 20.5 to 21.5 
o
C). 
4.3.2 Preparation of samples for nanoindentation 
The samples prepared for nanoindentation had different requirements and had to be 
produced in a different way and form to those produced for actuation measurements. 
The sample films needed to be planar and relatively thick (30 m) to avoid interference 
from the substrate during nanoindentation measurements. 
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Polymer films were grown onto a working electrode (WE) which had been cut from a 
silicon wafer with a layer of gold evaporated onto one of its sides (1000 Å Au and 50 Å 
Ti). Four WE could be formed in this way from each wafer as depicted in figure 4.4 (a). 
 
(a) (b) 
    
 
   
 
 
Fig 4.4 (a) Formation and dimensions of AuWE for use in preparation of 
nanoindentation samples (b) Polymerization cell setup used to polymerize 30 m films 
for nanoindentation. 
The cell arrangement used to synthesize the films for nanoindentation is shown in figure 
4.4 (b). As with polymerization of the films for actuation measurement, polymerization 
to a precise thickness of 30 m required the films to be polymerized in stages, being 
stopped to have their thickness determined and the growth rate calculated, before 
polymerization was recommenced. The growth of precise film thicknesses typically 
required stopping polymerization, measuring the thickness, recalculating growth rates 
and restarting polymerization, three or four times. The polymerization times varied 
greatly, depending upon the electrical potential employed, and are shown in Figure 4.2.  
Thickness measurement was undertaken using a Dektak profilometer. A diagonal 
scratch was made in a lower corner of the sample film, using the tip of a pair of 
tweezers, so as to just reveal the surface of the underlying gold substrate. Three Dektak 
scans across this scratch were used to obtain the average thickness of the film. The final 
thicknesses were accurate to 30 ± 0.5 m. A degree of uniformity of the film was 
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assumed and nanoindentation measurements were undertaken as near to these scratches 
as possible. 
In order to obtain representative data from the samples indentations were carried out in 
a systematic way. Indentations were undertaken in the form of a 5 x 5 matrix, with each 
point being indented to the 5 depths. This generated 125 measurements for each 
replicate sample, giving a total of 375 measurements on polymer polymerized at each 
potential of our chosen potentials. This approach was used to generate both the reduced 
Young’s modulus and micro-hardness data. In addition, creep testing was performed on 
each replicate sample, with 5 measurements being performed and used to obtain an 
average value.  
 
4.4 Results 
4.4.1 Polymerization 
FTIR spectra were obtained for 30 m films polymerized at 0.50 V, 0.70 V and 0.90 V 
using a FTIR microscope and these spectra are shown staggered in the overlay in figure 
4.5. 
The first thing to note is that there is little difference in the spectra recorded for the 
samples covering the 0.50 to 0.90 V range. However, this reveals something very useful 
i.e. that the PPy(DBS) films do not show signs of decomposition via over-oxidation 
occurring at higher polymerization potentials 0.70 and 0.90 V relative to the 0.50 V 
sample. There are no differences in the samples in the regions typically indicating 
overoxidation i.e. 1720 cm
-1
 (C=O) or 3615 cm
-1
 (non-hydrogen bonded –OH)127. 
Although there are CO2 peaks observed in all three of the spectra, which can be a sign 
of overoxidation, it is most likely that this has come from atmospheric CO2 being 
present within the FTIR microscope chamber. (If the source of this CO2 was taken to 
originate from the overoxidation occurring within the polymer, the intensity of the CO2 
peak would be expected to be greatest at 0.90 V, which it clearly is not. Also, over-
oxidation forming CO2 should not be occurring at all at 0.50 V).  
Although there is little difference observed in the spectra, this should not be taken to 
indicate that there has not been any change occurring within the polymer network, as it 
would be expected that these changes would be very subtle and difficult to observe 
using FTIR spectroscopy, especially given the interference that comes from the 
presence of peaks due to the DBS dopant within the polymer matrix.  
The only notable difference in the FTIR spectra, which was identified occurs at 668 Hz, 
and is shown (expanded) in the insert in figure 4.5. There is a relative increase in the 
intensity of peak on going from 0.50 V to 0.55 V, which then decreases again on going 
from 0.55 V to 0.90 V. This peak lies within the CH ring bending region and might 
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possibly be due to an increase presence of CH bonds present within end groups at 0.70 
V and would correspond to increased levels of branching
128,72,73
. 
    
Fig 4.5 Overlay of FTIR spectra for three samples covering the whole of the 
polymerization potential range used to synthesize the samples in the investigation 
(shown staggered). 
The charge consumed during polymerization of the 5 m films is shown in figure 4.6. 
There can be seen to be a general decrease in the charge consumed during 
polymerization with increasing polymerization potential, with the greatest decrease 
occurring between 0.55 V and 0.60 V. However, there would appear to be an increase in 
charge consumption occurring in the range 0.70 V to 0.90 V.     
Charge flow during polymerization can occur for a number of reasons. The first and 
most obvious way is due to the formation of bonds e.g. chain growth, branching and 
crosslinking. Charge will also be produced through the oxidation of the polymer to give 
polarons and bipolarons. In addition charge can also flow due to faradic charging of the 
polymer and also due to the presence of parasitic reactions. The fact that charge can 
flow for reasons other than the direct formation (Faradic and parasitic currents) of the 
polymer network, makes it very difficult to draw firm conclusions from charge flow 
data.  
However, a general decrease in the polymerization charge with increasing 
polymerization potential might be expected to occur as the polymer chains become 
more branched and less densely packed. A lower density of material would mean that 
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there would be less charge needed to polymerize the same thickness of material. In 
addition increased branching and crosslinking would be expected to decrease the ability 
of adjacent monomer units to forming the network to take up a favourable orientation 
(coplanar) to form polarons and bipolarons. Hence increased numbers of these “defect” 
(branching and crosslinking) would be expected to reduce charge released during 
polymerization due to the decrease in the numbers of polarons and bipolarons. 
The increase in charge flow that occurs between 0.70 V and 0.90 V could be due to an 
increase in crosslinking in that potential range, possibly resulting in a re-densification of 
the polymer network.    
  
 
Fig 4.6 Charge flow during polymerization of 5 m PPy(DBS) films vs polymerization 
potential. Error bars = 1SD. 
 
4.4.2 Actuation performance 
In assessing the actuation performance of the PPy(DBS) in the potential range 0.50 V to 
0.90 V, focus was on the amount (expansion and strain) and speed of movement of the 
films (time to 90 % maximum reversible strain). 
Figure 4.7 shows the mean maximum reversible expansion during the reduction phase 
for the end cycle. The maximum reversible expansion occurs in region 0.45 to 0.65 V 
with the mean maximum reversible expansion corresponding to the 0.55 V for the 
samples. A relatively large decrease in the mean maximum reversible expansion occurs 
between 0.55 V and 0.90 V. The greatest variation in the replicate measurements 
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correspond to the region in which the maximum reversible expansion is changing most 
rapidly i.e. the region with greatest gradient: 0.70 V. 
The value at 0.90V does not have any error bars as it represents just one value. Three 
replicate measurements were made on polymer films synthesised at this potential, but 
only the one shown was successfully actuated. The other two samples were actuated, 
but underwent delamination. This vulnerability towards delamination is likely to be 
related to the structural changes that are taking place in the polymer films at the 
polymerization potential. It is possible that the increased stiffness in the polymer is 
causing increased stress at polymer substrate interface resulting in delamination. 
 
    
Fig 4.7 Variation in the mean maximum reversible expansion with polymerization 
potential for a 5 m films of PPy(DBS) during the reduction phase and in end cycle 
(stable state). Error bars = 1 SD. 
When the profiles are compared for the 10
th
 and end cycle sets of data shown in figure 
4.8 they are very similar. The end cycle profile is shifted downwards relative to the 10
th
 
cycle, in the direction of higher reversible expansion between 0.50 V and 0.80 V, 
showing that there is a decrease in the maximum reversible expansion on reaching the 
end cycle. The greatest change in the reversible expansion on going from cycle 10 to the 
end cycle corresponds to a polymerization potential of 0.55 V. Above 0.80 V the curves 
essentially coincide, with there being little to no change in reversible expansion above 
the tenth cycle. 
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Figure 4.9 (a) shows the changes in the irreversible expansion with polymerization 
potential. The profile largely mirrors that seen for the reversible expansion. However, 
the magnitude of the irreversible expansion is greater than the reversible expansion. 
There is a relatively large decrease in the mean maximum irreversible expansion on 
going from 0.55 V to 0.90 V, with the greatest change occurring in range 0.70 V to 0.80 
V. The variation between replicate samples is greatest at 0.50 V, as indicated by the 
error bars (1 SD). 
 
 
Fig 4.8 Comparison of the mean maximum reversible expansion vs. Polymerization 
potential for the 10
th
 cycle and the end (stable state) cycle during the reduction phase. 
Error bars have not been shown to aid comparison. 
A comparison of the changes occurring in the irreversible expansion with 
polymerization potential at the 10
th
 cycle with those during the end cycle, are shown in 
the overlay in figure 4.9 (b). The changes that occur with polymerization potential are 
very similar, but the magnitude of these changes increases considerably between 0.50 V 
and 0.80 V on going from cycle 10 to the end cycle. The values displayed at 0.90 V 
essentially correspond, showing little to no change in irreversible expansion beyond 
cycle 10. However, the data for this point represents only one measurement and not the 
mean of three replicate, for the reasons previously described. 
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(a) 
 
(b) 
 
Fig 4.9 (a) The change in the mean maximum irreversible expansion with 
polymerization potential during the reduction phase and at the end cycle for 5 m films 
of PPy(DBS). Error bars = 1 SD. (b) A comparison of the change in the mean maximum 
irreversible expansion with polymerization potential for the 10
th
 and end cycles during 
the reduction cycle. 
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An overlay of the mean maximum reversible and irreversible expansions during the 
reduction phase at the end cycle is shown in figure 4.10. This shows that the irreversible 
component of the expansion is larger than the reversible component for most of the 
potential range. However, at 0.90 V the mean maximum irreversible expansion is less 
than the corresponding reversible component. Another important change that can be 
seen occurs in the region 0.50 V to 0.90 V. Here there is a significant decrease in the 
irreversible expansion on going from 0.55 V to 0.50 V. 
 
 
Fig 4.10 An overlay of the mean maximum reversible and irreversible expansions 
during the reduction phase at the end cycle for 5 m PPy(DBS). Error bars = 1 SD. 
The changes occurring in the calculated reversible strain with polymerization potential 
are shown in figure 4.11 for both the 10
th
 and end cycles. The changes occurring in the 
reversible strain for the 10
th
 cycle are similar to those observed for the reversible 
expansion, as evident from their similar profiles. There is a decrease in the reversible 
strain on going from cycle 10 to the end cycle for all the polymerization potential with 
the exception of that at 0.90 V. The maximum reversible strain for cycle 10 corresponds 
to 0.55 V, whereas the maximum for the end cycle occurs at 0.50 V. The differences in 
the magnitude and trends in the reversible strain compared to those of the reversible 
expansion are in part due to the differences in how these metrics are defined and 
calculated. Both the reversible expansion and reversible strain are influenced by the 
irreversible changes that are taking place. The reason why there are increases in the end 
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cycle reversible strain (red line) in on going from 0.55 V to 0.50 V and 0.70 V to 0.90 
V, is due to the corresponding decrease in the irreversible component that is occurring 
at the same time. 
 
Fig 4.11 Overlay of the mean maximum reversible strain during the reduction cycle for 
the 10
th
 and end cycles. Error bars = 1 SD. 
How quickly the films are able to actuate has been assessed using the time it takes for 
the films to reach 90% of their maximum reversible expansion. A small time therefore 
corresponds to a quicker actuating film and visa versa. The variation in these times with 
polymerization potential, for both the reduction and oxidation phases of the end cycles, 
are shown in figure 4.12. In addition, the total time (reduction + oxidation cycle times) 
is also shown in the same overlay, as an estimate of the minimum cycle times required 
to obtain 90% maximum reversible strain under the cycling conditions employed. 
Considering the total cycle time (red line), there is a decrease in the time taken to reach 
90% maximum reversible expansion on going from 0.50 V to 0.60 V and a much 
greater increase on going from 0.60 V to 0.90 V. The minimum time to reach 90% 
maximum reversible expansion for the samples occurs at 0.60 V, representing the 
quickest actuating films that were prepared. 
Comparing the reduction and oxidation phases, the reduction phase is essential always 
faster actuating than the oxidation phase, taking less time to reach 90% maximum 
reversible expansion. The shapes of both the reduction and oxidation curves are similar 
and therefore combine to give a total with a similar profile. Both the reduction and 
oxidation phases display a minimum time to 90% reversible expansion at a 
polymerization potential of 0.60 V.      
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Fig 4.12 Overlay of the times to 90% of the mean maximum expansion for the end 
cycles during the reduction and oxidation phases. The total (reduction + oxidation) 
times are also shown as an estimate of the corresponding overall cycle times.   
The times to 90% maximum reversible expansion for cycle 10 are shown in figure 4.13. 
Once again the reduction, oxidation and total times are at a minimum in the region of 
0.60 V. There is also a similar decrease in the times on going from 0.50 V to 0.60 V and 
a larger increase in from 0.60 V to 0.90 V. As with the end cycles the reduction cycle is 
always faster actuating than the oxidation cycle, with the exception of the one value 
recorded at 0.90 V.      
              
Fig 4.13 Overlay of the times to 90% of the mean maximum expansion for the 10
th
 
cycle during the reduction and oxidation phases. Again, the total (reduction + oxidation) 
times are shown as an estimate of the corresponding overall cycle times.   
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It is useful to overlay the totals for cycle 10 and the end cycle for comparison (see 
figure 4.14). This overlay reveals that the total cycle time is less and the speed of 
actuation increases on going from cycle 10 to the end cycle (stable state) in the range 
0.50 V to 0.70 V, but in the range 0.70 V to 0.80 V cross over occurs, so that the total 
cycle time is more and the rate of actuation slower for the end cycle compared to the 
10
th
 cycle in the range 0.80V to 0.90V. 
 
Fig 4.14 Overlay of the total times to 90% mean maximum reversible expansion for 10
th
 
and end cycles. 
In summary, the result of the actuation measurements have shown that the expansion 
(and strain) and speed depend upon the polymerization potential. It appears that there is 
a slight maximum (although not statistically sound since it is within the error bars) of 
the expansion around 0.55 V, after which both the reversible and irreversible expansion 
decrease between 0.55 V and 0.90 V. The reversible expansion decreases and the 
irreversible expansion increases on going from cycle 10 to the end cycle. The reversible 
expansion is less than irreversible expansion for most of the polymerization potential 
range investigated, except towards the higher potential end (0.80 – 0.90 V) where they 
have approximately the same magnitude. The speed at which the films actuate was 
found to be quicker during the reduction scan than the oxidation scan. In addition the 
speed of actuation increases on going from the cycle 10 to the end cycle over most of 
the polymerization potential range, except above approximately 0.75 V, were the cycle 
10 is quicker than the end cycle. For the samples the maximum expansion corresponded 
to films polymerized at 0.55 V, whereas the maximum strain corresponded to films 
polymerized at 0.50 V. The fastest actuating films were formed at a polymerization 
potential of 0.60 V.     
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4.4.3 Nanoindentation 
The variation in the physical properties of films prepared in the range 0.50 V to 0.90 V 
has been determined using nanoindentation. The physical properties monitored were the 
reduced Young’s modulus of elasticity (Er), the micro-hardness (H) and creep, as these 
were considered likely to correlate with changes in the crosslinking. 
On the recommendation of Prof  Nicholls (Cranfield University, UK) the decision was 
made to undertake indentations over a range of depths (5 depths) in the form of a matrix 
(5 x 5) giving a data set of 125 measurements for each of the three replicate samples 
that were prepared at each polymerization potential. This is illustrated in figure 4.15 
which uses just one replicate at each polymerization potential and shows the changes 
that occur in Er with both polymerization potential and depth.      
 
Fig 4.15 Er values recorded at five different depths for films polymerized at 0.50 V to 
0.90 V. Note: Only values for one replicate at each polymerization potential are shown 
for clarity. 
The changes observed in the mean values for the reduced Young’s modulus of elasticity 
(Er) of the films with polymerization potential are shown in figures 4.16 (a) and (b). 
The first of these graphs displays the mean of all the indents for the three replicates 
samples at each polymerization potential The second of these graphs shows the mean of 
just the deepest indents (5
th
 indents). 
Both graphs show that there is a general increase in Er between 0.50 V and 0.90 V, with 
there being a relatively large increase in Er of the films between 0.70 V to 0.90 V. In 
addition the mean values for both graphs provide evidence of a slight increase in the 
range 0.50 V to 0.55 V. Although the range of the error bars for these two adjacent 
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points overlap to an extent, the means are calculated from over 300 values for graph (a) 
and approximately 75 values for graph (b), and the change would therefore appear to be 
representative of the two adjacent sets (0.50 V and 0.55 V) of samples. No change in the 
mean Er in the range 0.55 V to 0.70 V was observed.  
(a) 
 
  
 
(b) 
 
Fig 4.16 (a) Variation in the mean Er with polymerization potential - means calculated 
using the values at all depths (b) Variation in the mean Er with polymerization potential 
– means calculated using only values measured at the deepest (5th) indent. 
2.0
2.1
2.2
2.3
2.4
2.5
2.6
2.7
2.8
2.9
3.0
0.45 0.5 0.55 0.6 0.65 0.7 0.75 0.8 0.85 0.9 0.95
M
ea
n
 r
ed
u
ce
d
 Y
o
u
n
g
's
 m
o
d
u
lu
s,
 E
r 
(G
P
a)
  
Polymerization potential (V) 
Mean of 5th depths 
2.0
2.1
2.2
2.3
2.4
2.5
2.6
2.7
2.8
2.9
3.0
0.45 0.5 0.55 0.6 0.65 0.7 0.75 0.8 0.85 0.9 0.95
M
ea
n
 r
ed
u
ce
d
 Y
o
u
n
g
's
 m
o
d
u
lu
s,
 E
r 
(G
P
a)
 
Polymerization potential (V) 
Mean  of all depths 
132 
 
The mean Er values in figure 4.16 (a) are always less than the corresponding values 
displayed in figure 4.16 (b). This is also evident in figure 4.17, which displays the 
change in mean Er with depth at each polymerization potential. In all cases the Er 
values increase with depth from the second to the fifth indent. However, the mean Er of 
the first indent would appear to be higher than the second, with the exception of that at 
0.90 V. 
 
 
Fig 4.17 Variation in Er with depth for the four different polymerization potentials 
employed in the synthesis of the films. Error bars = 1 SD.  
The micro-hardness data obtained for the films is shown in figure 4.18 for one replicate 
for clarity. The there is little difference discernible in the hardness values at the 
shallowest indent, but the difference between the indents on polymer films synthesized 
at different potentials becomes greater with indentation depth. By the deepest indent 
(5
th
) there is a significant difference in the micro-hardness values for the films 
polymerization at different potentials.     
The variation in the mean micro-hardness values with polymerization potential is shown 
in figure 4.19. The mean micro-hardness decreases on going from 0.50 V to 0.70 V and 
increases again from 0.70 V to 0.90 V. The minimum mean micro-hardness for our 
samples occurred at 0.70 V and was 0.083 GPa. The range of micro-hardness values for 
our samples was approximately 0.07 to 0.11 GPa. 
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Fig 4.18 H values recorded at five different depths for films polymerized at 0.50 V to 
0.90 V. Note: Only values for one replicate at each polymerization potential are shown 
for clarity. 
 
     
Fig 4.19 Variation in mean micro-hardness, H, with polymerization potential – means 
calculated using only the values recorded at the deepest (5
th
) indent. Error bars = 1 SD. 
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Figure 4.20 reveals that although there is little variation in micro-hardness with depth 
there is a systematic trend in the profile of the mean micro-hardness values. The greatest 
difference in the mean micro-hardness values occurs between the first and second depth 
indent with a maximum occurring at either the second or third depth indent.   
          
Fig 4.20 Variation in mean H values with depth and polymerization potential. Error bars 
are omitted to improve the clarity of the overlay. 
Creep is the ability of a material to undergo plastic deformation under a sustained load. 
Large differences in the amount of creep could potentially be one explanation as to why 
there are large differences in the irreversible expansion of the films with polymerization 
potential. In addition, creep is a phenomenon that would be expected to correlate with 
crosslinking changes, decreasing with increasing crosslinking. 
Creep testing was undertaken on the films, but not with the same number of 
measurements that were undertaken for the Er and H measurements. In fact each film 
had only five repeat measurement made.   
Figure 4.21 shows that although the films underwent creep, there was little variation in 
amount of the creep observed with polymerization potential. The creep data for the 
films produced at different polymerized potentials gave similar mean values. The error 
bars (1 SD) for the means are very similar in size to the difference between the 
maximum and minimum mean values and a line drawn parallel to the horizontal axis 
could be drawn so as to pass through all the error bars associated with the data set. 
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Fig 4.21 The mean creep determined for the films synthesized with polymerization 
potentials in the range 0.50 V to 0.90 V. Error bars = 1 SD.  
An alternative way to measure a materials resistance to plastic deformation is the 
parameter of materials performance: H/E
2
 (Fischer-Cripps, A., Nanoindentation, 3
rd
 Ed, 
p94). The use of this parameter for the samples allows use of the much larger data set 
that has been gathered for Er and H to make an alternative assessment of the changes in 
the ability of our films to resist plastic deformation with polymerization potential. 
Figure 4.22 shows the variation in H/E
2
 with polymerization potential for the films. An 
increase in the materials ability of the films to resist plastic deformation with increasing 
polymerization potential is evident from the decrease in the ratio: H/E
2
 with increasing 
polymerization potential. The greatest decrease in the H/E
2
 occurs in the ranges 0.50 V 
to 0.55 V and 0.70 V to 0.90 V. There is therefore an increase in the ability of the films 
to resist plastic deformation with increasing polymerization potential, with the greatest 
increase being in the ranges 0.55 V to 0.70 V and 0.70 V to 0.90 V, which is consistent 
with the results found earlier for Er. 
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Fig 4.22 Variation in H/E
2
 with polymerization potential. Note: (i) A decrease in H/E
2
 
indicates an increase in the films ability to resist plastic deformation. (ii) Error bars have 
been constructed so as to give the maximum possible variation from the mean using the 
error bars for H and Er, and are equivalent to 1 SD. 
In summary, the nanoindentation measurements have shown that there is an increase in 
Er with increasing polymerization potential, particularly in the range 0.70 V to 0.90 V. 
It has also shown that the micro-hardness decreases from 0.50 V to 0.70 V, increasing 
again in the region 0.70 V to 0.90 V. Creep measurements made using a relatively small 
sample size showed that the films undergo creep, but that the variation between 
replicate measurements made at the same polymerization potential were comparable to 
the differences in the mean creep measured at different polymerization potentials. The 
use of the parameter of materials performance, H/E
2
, calculated using a much larger 
data set, revealed that there is an increase in the ability of the films to resist plastic 
deformation with increasing polymerization potential. There would also appear to be an 
increase in Er with increasing depth for all the films investigated. However, an 
exception was seen on going from the first (shallowest) to the second indents, which 
tended to show a slight decrease in Er. In contrast, the micro-hardness was found to be 
essentially constant with indentation depth. However, once again there was consistently 
observed a difference between the first and second depth indent, which in this case 
showed a slight increase.  
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4.5 Discussion and conclusions 
A primary aim of the research undertaken in this thesis, has been to investigate and 
understand the relationship between the structure of the polymer network and actuation 
of PPy(DBS) films. Investigating the impact of crosslinking and branching has been of 
particular interest. 
Significant advancement in the understanding of the mechanism by which polypyrroles 
actuate has been gained in recent decades as discussed in the introduction to this thesis. 
In particular, it is now understood that the primary actuation mechanism is the insertion 
and de-insertion of ions and associated solvent. Efforts aimed at increasing the amount 
of ions that enter and leave the polymer during actuation are likely to lead to increased 
strains. However, it is important to recognize that the response that the polymer network 
makes when ions are inserted and de-inserted, will have a major influence on the strains 
that are achievable. Although the polymer films have a matrix consisting of polypyrrole 
chains, dopant molecules and solvent molecules, it is the polymer network that is 
generally viewed to be the polymer, and on which a major part of its physical and 
mechanical properties depend.    
In general, branching precedes crosslinking and an increase in branching increases the 
opportunities for crosslinking. In a sense, branching is a natural predecessor of 
crosslinking and the two processes are intimately related. The ratio of branching to 
crosslinking will have an important impact on the physical and mechanical properties of 
the polymer and its microstructure. 
The films show no signs of the presence of the functionalities that typically accompany 
overoxidation through the use of FTIR spectroscopy. The changes that occur within the 
polymer films cannot therefore be attributed to decomposition accompanying the use of 
increasing electrical potentials during synthesis.  
The work presented in this section of the thesis, reveals that there is an increase in the 
stiffness of the polymer films (increased Er) and their ability to resist plastic 
deformation (decreasing E/H
2
), with increasing polymerization potential. This is 
supportive of the view that the polymer films undergo increased crosslinking as the 
polymerization potential is increased. In addition it has shown that there is a decrease in 
the irreversible expansion with increasing polymerization potential in the range 0.55 V 
to 0.90 V. This is consistent with the major result that was obtained from the earlier 
work in section 3 of this thesis i.e. that an increase in crosslinking results in a decrease 
in the irreversible expansion of the polymer. Interestingly, the greatest decrease in the 
irreversible expansion that occurs above 0.55 V, occurs in the region 0.70 V to 0.80 V 
and corresponds with the increase in charge flow observed during polymerization in the 
same potential range (compare figures 4.6 and 4.9 (a)). It is therefore possible that this 
increase in charge corresponds to a surge in crosslinking in this potential range.     
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The research has also shown, however, that there is a relatively large decrease in the 
irreversible expansion of the films between 0.55 V to 0.90 V, with a possible peak in the 
region of 0.55 V. The apparent increase in the mean irreversible expansion observed on 
going from 0.50 V to 0.55 V, is contrary to the initial hypothesis that increasing 
polymerization potentials result in increased crosslinking. On this basis it would have 
been predicted that there would be an increase in the irreversible and reversible 
expansions on going from 0.55 V to 0.50 V, corresponding with decrease in 
crosslinking and not the opposite. This might be explained by modifying the initial 
hypothesis to include branching. 
As stated previously, the decrease in the irreversible expansion on going from 0.55 V to 
0.90 V was attributed to an increase in crosslinking, as evidenced by an increase in the 
stiffness of the films (increase in Er) and a decrease in the materials ability to undergo 
plastic deformation (decrease in E/H
2
). However, it has also been pointed out that 
crosslinking is intimately related to branching. A branched structure, as it becomes 
more crosslinked will become less branched and visa versa. The ratio of branching to 
crosslinking will therefore be an important consideration for the polymers. The decrease 
in the irreversible expansion observed on going from 0.55 V to 0.90 V might be 
explained by the decrease in branching that accompanies the increase in crosslinking i.e. 
the ratio of branching to crosslinking decreases. It is likely that an increase in branching 
over crosslinking will produce a lower density polymer that is more open and porous. A 
more open and porous structure would allow more solvent to enter and swell the 
polymer and produce an irreversible expansion of the polymer. The increase in the 
reversible expansion on going from 0.55 V to 0.90 V would therefore be explained by 
an increase in branching that accompanies the decrease in crosslinking, leading to a less 
stiff, lower density polymer, capable of increased irreversible expansion through solvent 
swelling. 
A polymerization potential of 0.50 V is very close to the polymerization potential of 
PPy(DBS), as indicated by the much slower polymerization times (see figure  4.2), and 
will likely contain longer length of un-branched (straight chain) polymer. This is a 
generally accepted idea within the field of conducting polymers i.e. that lower 
polymerization potentials (and temperatures), result in more ordered linear chains 
containing lower levels of “defects” (branches and crosslinks)30,134.  
Returning to the observation that there is an increase in both the irreversible and 
reversible expansion occurring on going from 0.50 V to 0.55 V, this now might be 
explained as being the result of increased levels of branching of the polymer at 0.55 V 
compared to the polymer at 0.50 V. There will no doubt be an increase in the levels of 
crosslinking on going from 0.50 V to 0.55 V, as evidenced by the increase in Er and 
decrease in E/H
2
, but the increase in branching must be greater and have a greater 
impact on the physical and mechanical properties in the region of 0.55 V i.e. the ratio of 
branching : crosslinking is greater than, for example, that in the region 0.70 V to 0.90 V. 
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The lower levels of defects within the polymer synthesized at 0.50 V, means that there 
will be both more and longer linear chain sections. These linear chains will have a 
greater ability to pack more densely and undergo non-bonding interactions such pi-
stacking
33
. Again, this is a generally accepted idea within the field of conducting 
polymers and is illustrated in figure 4.23. This increased packing density and ability of 
pi-stacking might explain why there was an increase in H observed on going from 0.70 
V to 0.50 V accompanying a decrease in Er i.e. that H is more affected by the increase 
in the density and the decrease in branching on going from 0.55 V to 0.50 V, than the 
decrease in crosslinking. Similarly, the increase in H, observed on going from 0.70 V to 
0.90 V, might be explained by the decrease in branching and an increase in crosslinking, 
resulting in a re-densification of the polymer relative to that at 0.70 V. 
                                        
Fig 4.23 An increase in density of polypyrrole with increasing straight chain length has 
been demonstrated using a model developed by Y. Dai and E. Blaisten-Barojas
33
. This 
has been explained by the ability of straight chains to pack closely and to undergo 
increasing pi-stacking interactions with increasing chain lengths. A similar situation 
occurs in pherualites
91
 and the lamella structure proposed for PPy(DBS)
37
. 
At this stage in the writing of this thesis, the samples have submitted, synthesized at 
different polymerization potentials, for skeletal density analysis by gas intrusion. 
Porosity measurements are also a possibility, using mercury intrusion, but it is likely 
that our sample size is insufficient for this technique. We hope to re-synthesize 
sufficient material to undertake this work (see the further work section later in this 
thesis).  
Results suggesting a decrease in density of our films in the range 0.50 V to 0.55 V (see 
figure 4.24) have been obtained. This has come from measuring the nitrogen (N) signal 
from a fixed area of our polymer samples, using EDX spectroscopy. These 
measurements  gather the N-signal over a fixed area and approximately similar depths, 
and therefore sample similar volumes of the polymer film. The N-signal from a fixed 
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volume will be proportional to the density of the polymer network, since the polymer 
network is the only part of the polymer matrix containing N-atoms, and the distribution 
of the N-atoms within the polymer network is regular (1 N-atom per pyrrole monomer 
unit). Figure 4.24 shows that there are changes occurring in the density of the films with 
polymerization potential and that the minimum density corresponds with the maximum 
irreversible and reversible expansion i.e. 0.55 V. More detailed EDX measurements are 
planned for the future.  
                     
  
Fig 4.24 Variation in the density of N-atoms with polymerization potential within our 
films. Error bars = 1 SD. 
Measurements of the charge flow that occurs during reduction and oxidation show that 
there is a decrease in the charge flow that occurs during both the oxidation and 
reduction scans with increasing polymerization potential. This is illustrated in figure 
4.25 for both the 10
th
 cycle and end cycle during the oxidation phase. It is also 
interesting to note that the charge flow decrease on going from cycle 10 to the end 
cycle. A similar trend was observed in the reversible expansion (see fig 4.8). 
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Fig 4.25 Variation in the amount of charge which flows during the oxidation phase with 
polymerization potential for our 5 m films of PPy(DBS). Error bars = 1 SD.   
This decrease would be something that would be expected to correspond with lower 
levels of charge carriers (polarons and bipolarons) within the films i.e. the density of 
charge carriers. The density of charge carriers associated with the polymer network will 
be related to both the density of the network and also the structure of the network i.e. 
the ratio of linear: branched: crosslinked sections present within the network. The 
decrease in the charge flow during oxidation and reduction is likely due to both the 
reduction in the density and the number of charge carriers which naturally occurs on 
going from a network containing long linear section with a greater ability to pack and 
form polarons and bipolarons to one containing more branched chains with a lower 
ability to pack closely alongside adjacent chains and which contains fewer polarons and 
bipolarons. 
It has been that there is a decrease in both the reversible expansion and irreversible 
expansion on going from 0.55 V to 0.90 V. This decrease in the irreversible expansion 
is again consistent with there being an increase in crosslinking on going from 0.55 V to 
0.90V. In addition, the decrease in the reversible expansion on going from 0.55 V to 
0.90 V is consistent with the findings for the 3,4-DMPPy-co-PPy(DBS) series. The 
results presented in this section are consistent with the findings of the copolymer work 
and supportive of the initial hypothesis that decrease in crosslinking would lead to an 
increase in reversible expansion, due to greater freedom of movement of the polymer 
chains. The results presented in this section are therefore consistent with this 
hypothesis. 
It is therefore likely that the decrease in reversible expansion, observed with the 
copolymers of section three, with increasing blocking (substitution) of the beta positions 
in the pyrrole ring system, is the result of electronic and steric effects caused by the 
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presence of the blocking (methyl) group. The presence of beta-substituents is known to 
increase the torsional angle along the polypyrrole chain and make it more difficult for 
adjacent pyrrole units to take up a coplanar arrangement. This has been shown to be the 
case for 3, 4-dimethylpolypyrrole homopolymer
24
. The ability to take up a coplanar 
arrangement is necessary in order for polarons and bipolarons to form. Hence beta 
substituents likely decrease the numbers of polarons and bipolarons and reduce both the 
conductivity and electroactivity (reversible expansion) of the polymer. However, this 
steric effect is likely off-set by the reduction in the amount of cross-linking that that 
accompanies increased beta-substitution, as crosslinking might also restrict the 
movement of polymer chains in the region of the crosslinking and lower the chains 
ability to take up a coplanar conformation and form polarons and bipolarons. The 
inductive (+M) effect of the methyl substituents in the pyrrole ring are also more 
capable of delocalizing charge within a polaron compared to a hydrogen substituent and 
might therefore lower the numbers of counter ions needed for charge compensation. 
Increased doping levels have been reported for 3,4-difluoropolypyrrole
129
. Here the 
fluorine substituents have a very strong electron withdrawing effect (-M effect) and this 
will decrease the charge density within the pyrrole rings of the polymer network and 
could potentially promote the oxidation of the pyrrole ring system and hence increase 
the ease with which polarons might be formed. Both an increase in the numbers of 
polarons and bipolarons and also a general increase in the polarity of pyrrole ring 
system, would explain why increased levels of counter ions have been observed in this 
polymer.        
An increase in the stiffness of the material (Er) with indentation depth was observed. 
This suggests a change in structure over the depth range tested. This is in agreement 
with reports that the structure of PPy(DBS) changes after the first 60 mC/cm
2
, or 
approximately 0.33 m is deposited130. It has been observed that thin films used in 
microactuators that have delaminated from the gold backing, bend upon electrochemical 
cycling, which would not occur if the films were homogeneous. The side originally 
facing the gold electrode was on the exterior of the curve, showing that it underwent 
less contraction or is denser, de facto forming a bilayer configuration
51
. 
It has also been observed that the first (shallowest) indent had a higher Er that the 
second indent, resulting in a slight decrease in Er on going from the first to the second 
indent. This behaviour has also been observed during the nanoindentation of other 
polymer films
131
. 
It is now appropriate to explain the changes that occur with polymerization potential 
using a model that is in keeping with our findings and the general ideas prevailing 
within the field of conducting polymers. Our  model is shown in figure 4.26 (a) along 
with a summary (b) of the supportive evidence. 
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Fig 4.26 (a) A model explaining the changes that occur in the irreversible expansion 
with polymerization potential. (b) Evidence in support of our model. 
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5. The use of elemental analysis for the quantitative determination of the levels of 
crosslinking in polypyrrole. 
5.1 Introduction  
The quantitative determination of the different types of atoms present in a sample can be 
undertaken using combustion analysis or optical emission spectroscopy. Elemental 
analysis is typically used to determine the purity of a compound but it can also be used 
to help in the determination of structure i.e. once the number of moles of each element 
is known an empirical formula of the original material can be calculated. 
The global polymerization reaction for the electropolymerization of polypyrrole 
indicates that there will be a decrease in the total hydrogen content on going from the 
starting material (pyrrole monomer) to the final product (polymer). Whereas, both the 
number of nitrogen and carbon atoms remain constant. The moles of nitrogen or carbon 
present within the polypyrrole network can therefore be used to determine the number 
of monomer units present within the network. The ratio of N:H will decrease during 
polymerization from a value of 1:5 in the pyrrole monomer. Similarly, there will also be 
a decrease in the C:H ratio of the polymer from a value of 4:5 in the pyrrole monomer. 
However, the use of the H:C ratio will be more likely to be prone to interference from 
sources of carbon not originating from the polymer network e.g. organic contaminants 
or dopant anions such as DBS
-
. 
A pertinent question to now ask is: can the N:H ratio of polypyrrole be used to reveal 
anything usefully about the polymer network structure? Specifically, can it be used to 
reveal information about the extent of crosslinking? An answer to this question is not 
immediately obvious given the huge number of ways in which a polymer network, 
containing several million monomer units, can combine.  
These questions have to our knowledge, not been addressed within the literature on 
polypyrrole, despite a extensive search. The author of this thesis has thought hard about 
these questions and it has taken considerable time to arrive at possible answers. This has 
been due to the difficulty in visualizing the effect of changes in the connectivity of the 
pyrrole monomer units on the overall network structure. In this context, the expression 
that one “cannot see the wood for the trees” is highly appropriate. 
Given the relevance of such questions to the subject of this thesis, the author would like 
to discuss and propose answers to these questions, which will might allow the levels of 
crosslinking of the polymer network to be determined using elemental analysis. 
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5.2 The change in total hydrogen content with crosslinking 
The number of hydrogen atoms present within a linear polypyrrole chain is given by the 
relation: H = 3(n) +2 (equation 1), where n represents the number of monomer unit. 
Since the number of monomer units is also equal to the number of nitrogen atoms 
present in the polymer, this relation can also be expressed as 3(N) +2, where N 
represents the number of nitrogen atoms. The validity of this relation is illustrated in 
figure 5.1 where it has been used to determine the N:H ratios for a linear chain 
containing six pyrrole units.  
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Fig 5.1 The N:H ratio for (a) linear and (b) a branched oligomers containing six pyrrole 
monomer units (sexipyrrole).    
Consider figure 5.2 as a further illustration of the applicability of the relation 3N + 2 to 
branched structures. The structure displayed in figure 5.2 is a single, purely branched 
chain containing 41 monomer units. The number of H-atoms in the polymer network is 
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125, which can be seen by carefully counting the number of H-atoms within the 
network. Applying the formula: H = 3N +2  to this structure gives H = 3(41) + 2 = 125.  
Figures 5.1 and 5.2 show that the relation: 3N + 2, applies to both linear and branched 
structures.  
At first this might appear surprising, but similar situations occur within organic 
chemistry such as the homologous series of alkanes which share the same empirical 
formula: CnH2n +2, whether linear or branched. 
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Fig 5.2 A highly branched non-crosslinked PPy structure. 
Whenever a pyrrole monomer unit is coupled in three positions, leading to a branch, it 
“looses an extra hydrogen atom” at the ring. However, the branch that is formed goes on 
to form a chain ending in an additional “end group” which is coupled in just one 
position. Therefore, there is no net loss in the number of hydrogen atoms and both linear 
and branched structures containing the same number of pyrrole units (structural 
isomers) have the same N:H ratio. On this basis the N:H ratio cannot be used to 
distinguish between these structural isomers. However, if a method for determining the 
number of end groups could be developed, then a distinction could be made, since each 
branch produces one end group. End group analysis is a technique that can be 
performed on other types of polymer. 
Differences in the N:H ratio between structures containing different numbers of 
monomer units will occur however. This difference is most pronounced during the early 
stages in the growth of the polymer chain. For example the N:H ratio, on going from 
monomer to dimer, will change from 1:5 to 1:4. On going from the trimer to the dimer 
the ratio will change to 1: 3 2/3. As the chain grows the ratio quickly converges to a 
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limiting value of 1:3. This can be seen from the expression: 3(N) +2 where as N → ∞, 
3(N) +2 → 3(N). This is illustrated by the graph of 3(N) +2 vs N shown in figure 5.3. 
Therefore, the N:H ratio for totally linear chains, branched chains or any mixture of the 
two, cannot take a value of less than 1:3 (using allowable valences and bond angles for 
the atoms involved). 
 
                  
Fig 5.3 The variation in the ratio of the number of nitrogen to hydrogen atoms, N:H, 
with the number of pyrrole monomer units for linear and branched oligomers/polymer 
chains. 
Considering next: crosslinked structures, we need to first recognize that a structure like 
that shown in figure 5.4(a), which might appear to contain a crosslink, is in fact 
branched. This can be seen by redrawing the structure as illustrated in figure 5.4(b).     
Only when a “second connection” is made to form a “loop” structure can a crosslink be 
considered to be formed as shown in figure 5.5. Cutting one just one C-C bond between 
coupled monomer units within this “loop” structure would result in a single purely 
branched chain. This structure therefore contains a one crosslink. 
 
 
 
 
3
3.2
3.4
3.6
3.8
4
4.2
4.4
4.6
4.8
5
1 11 21 31 41 51 61 71 81 91 101
N
:H
 r
at
io
 i
n
 l
in
ea
r 
an
d
  
b
ra
n
ch
ed
 
o
li
g
o
m
er
 /
 p
o
ly
m
er
 
Number of  pyrrole monomer units 
148 
 
   Structure N: H 
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Fig 5.4 Structure (a) is actually branched and identical to structure (b).  
 
 
 
 
 
149 
 
Structure N: H 
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Fig 5.5 The presence of “loop” structure is indicative of a crosslink. 
 
The presence of crosslinking can therefore be tracked by the number of loops present 
within the structure. Confusion can occur when considering the number of crosslinks in 
a drawn structure by counting the number of linkers and not the number of loops. The 
number of crosslinks is equal to the number of loops that would need to be “cut” in 
order to reduce the original structure to a single purely branched/linear chain. This is 
illustrated in figure 5.6 which contains six loops and therefore six crosslinks. Cutting 
just six C-C coupling bonds (one in each loop) leads to a single purely branched chain. 
The number of loops can therefore be seen to be equivalent to the number of crosslinks. 
Consider next the N:H ratio for the crosslinked structure shown in figure 5.6 (a). This 
structure contains six crosslinks (loops) and 38 pyrrole units. The number of hydrogen 
atoms in this structure is 104, giving a N:H ratio of 38:104 = 1:2.7368 (to 4 d.p.). 
Crosslinking can therefore lead to N:H values below 1:3. 
The N:H ratio therefore serves as a means of distinguishing between crosslinked and 
linear/branched structures, with N:H values less than 1:3 being evidence of crosslinking. 
The lower the N:H the higher the degree of crosslinking will be. 
For all the structures that are drawn, the number of crosslinks (CL) can be calculated 
from the difference in the number of hydrogen atoms present within the polymer 
network (Hobs) and the number of hydrogen atoms that would be present in a totally 
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linear/branched network containing the same number of monomer units (H Lin/Br) using 
the simple equation (2):  
            CL =   
 
 (H Lin/Br - Hobs) 
     CL =  
 
 [(3N +2) – H] ........................ (equation 2) 
Where:  N = number of nitrogen atoms and H = number of hydrogen atoms. 
Applying this equation to the structure shown in figure 5.7, which contains both linear, 
branched and crosslinked sections leads to the correct calculation of the number of 
crosslinks, as show below: 
For H = 104 and N = 38, CL =  
 
 ((3(38) +2) – 104) = 6 
This can again be seen to be the case by cutting bonds between monomers in the 
structure shown in figure 5.7 (a) until it is reduced to a single purely branched chain as 
shown in figure 5.7 (b). 
The reader is invited to draw more structures, using the rules of valences and allowable 
bond angles, and apply equation (2) to calculate the number of crosslinks. Comparing 
the value obtained using equation (2) with the number of C-C coupling bonds that 
would be required to be cut to reduce the network to a purely branched/linear structure, 
gives the same values. 
Although the representations that have been show so far have been planar, it is still 
possible to appreciate that the structure of the polymer network will impact upon the 
density and porosity of the polymer. Figure 5.8 (a) shows a close packed network with 
just two crosslinks. The close packing and relatively long linear chain segments would 
be more likely to be subject to non-bonding interactions such as pi stacking. The close 
packing and possibility of pi stacking would be expected to result in both a denser and 
harder material than the highly branched structures figure 5.8(b). This structure contains 
the same number of monomer units, five crosslinks and occupies a greater “space” 
(more “spread out”). This would be expected to be less dense, more porous structure 
with lower hardness (based on density). However, due to the increased levels of 
crosslinking, it would be expected to have a greater rigidity and hence Young’s 
modulus of elasticity. 
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Fig 5.6 (a) A highly crosslinked structure and (b) the single purely branched chain 
obtained from structure (a) by “cutting” the six bonds shown in red. 
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Fig 5.7 (a) A highly crosslinked and branched structure and (b) the single, purely 
branched chain obtained from structure (a) by “cutting” the six bonds shown in red.   
 
 
 
153 
 
(a)   
         
           
N
H
N
H
N
H
N
H
N
H
N
H
N
H
N
H
N
H
N
H
N
H
N
H
N
H
N
H
N
H
N
H
N
H
N
H
N
H
N
H
N
H
N
H
N
H
N
H
N
H
N
H
N
H
N
H
N
H
N
H
N
H
N
H
N
H
N
H
N
H
N
H
N
H
N
H
N
H
N
H
N
H
N
H
N
H
N
H
N
H
N
H
N
H
N
H
N
H
N
H
N
H
N
H
N
H
N
H
N
H
N
H
N
H
N
H
N
H
N
H
N
H
NH
N
H
N
H
N
H
N
H
N
H
N
H
N
H
N
H
N
H
N
H
N
H
1
2
 
 
NH
N
H
N
H
N
H
N
H
N
H
N
H
N
HN
H
NH
N
H
N
HN
H
N
H
NH
NH
N
H
N
H
NH
N
H
N
H N
N
H
N
H
N
H
N
H
NH
N
H
N
H
N
H
NH
N
H
N
H
N
H
N
H
N
H
N
H
N
H
NH
N
H
N
H
N
H
N
H
N
H
N
H
N
H
NH
N
H
N
H
N
H
N
H
N
H
NH
N
H
N
H
N
H
N
H
NH
N
H
N
H
N
H
N
H
N
H
N
H
N
H
NH
N
H
N
H
N
H
N
H
N
H
N
H
N
H
 1
 2
3
4
5
(b)
 
 
Fig 5.8 Two PPy structures containing the same number of monomer units. Structure (a) 
contains highly “linear”, densely packed chains with just two crosslinks (loops). 
Structure (b) is a highly branched, less densely packed structure with five crosslinks 
(loops).  
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Using the structure in figure 5.7 to illustrate this approach: 
 
CL = [(3N +2) – H)/N] x 100 %  
      = [(3(38) + 2 – 104)/ 38] x 100 %  
      = (12/38) x 100% = 31.58 % 
 
So, 12 monomer units out of 38 in the structure are involved in crosslinking, which 
represents 31.58 % of the monomer units in the network (Note: the expression 3N+2 
was not approximated here to 3N as the structure is not very large). 
 
5.3 Practical difficulties 
A number of practical difficulties will need to be overcome if the number of hydrogen 
atoms within the polymer network is to be determined accurately. These difficulties will 
be due to the presence of hydrogen within the polymer matrix from sources other than 
from the polymer network, such as the dopant, water or organic contaminants. 
The presence of hydrogen that originates from the dopant could be overcome either by 
using a non-hydrogen containing dopant or by making corrections to account for this. 
DBS could be used given that it its elemental composition will remain constant during 
polymerization and incorporation into the growing polymer matrix, and by the fact that 
it contains a sulphur to hydrogen ratio of 1:29. If the moles of sulphur (S) atoms present 
within the polymer is known, the moles of hydrogen (H) atoms from this source can be 
accounted for i.e. moles of H atoms from dopant = 29 x moles of S atoms present. This 
would be possible as elemental determination via combustion analysis is commonly 
used to determine S atoms as well as CHN atoms. 
The presence of H atoms which originate from water is perhaps a more difficult issue to 
overcome as even if an organic electrolyte were to be used during polymerization, as 
opposed to an aqueous electrolyte, polypyrrole films can absorb water from the 
atmosphere. The obvious solution to this would be to remove the water by placing the 
polypyrrole sample in a vacuum oven at a suitable temperature (so as not to decompose 
the polymer) and for sufficient time to remove all traces of water. The sample would 
then need to be stored in a dry inert atmosphere such as argon prior to analysis. Another 
possibility might be to use a deuterated solvent, but it would be necessary to ensure that 
the technique used to determine the elemental composition of the sample, could 
distinguish between deuterium and hydrogen atoms. 
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Sources of H atoms that originate from organic contaminants could be eliminated 
through using pure reagents (pyrrole, dopant and solvent) and clean equipment used in 
the preparation of the polymer and careful handling. 
 
5.4 Conclusion  
Recognition that elemental composition could potentially reveal crosslinking levels in 
polypyrroles is through the work completed here. This has taken time and we are unable 
to practically check the validity of the approach outlined above at the time of writing 
this thesis.  
However, the theoretical basis by which it should be possible to make direct and 
quantitative determination of crosslinking levels in polypyrrole has been outlined. In 
addition it has been possible to discuss how structural changes to the polypyrrole 
network would likely lead to changes in density, porosity and strength. This discussion 
gives further support to the experimental observations presented in other sections of this 
thesis. 
If a method were to become available for determining the number of end groups within 
the polymer, it would allow the determination of the levels of branching within the 
polymer, since one branch produces one end group. If both the levels of crosslinking 
and branching could be quantified this would allow full characterization of the 
polypyrrole network. 
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Section D: Overview 
1.1 Overall discussion 
Throughout this thesis the impact that changes in the polymer network of PPy(DBS) 
have on its actuation performance has been investigated. In particular the focus has been 
on the impact of crosslinking. 
In order to characterize the actuation performance of polypyrrole films a new technique 
has been developed which makes use of a laser scanning micrometer to make non-
contact measurements of the actuating films. The technique is relatively simple to 
perform and can be used to study the long term stability and operational failure of the 
films, the effects of synthesis conditions and to optimize of actuator performance. 
This new technique clearly shows that there are two components to the overall 
expansion: a reversible and an irreversible component, which operate over different 
time scales. The reversible component increases with cycle number quickly reaching a 
maximum stable value after 5-10 cycles. However, the irreversible component takes 
longer to reach a maximum stable value. Typically this can be between 20-100 cycles. 
For all actuation sequences the first cycle shows the greatest increase in irreversible 
expansion, after which there is a smaller more gradual increase until it reaches a 
maximum value (“stable state”). The first few cycles have a greater tendency to display 
unstable behaviour but in general the stability of the actuation profiles increase with 
cycle number. 
By investigating the actuation of films of different thickness (1, 5 and 10 m), it has 
been shown that although there is an increase in both the reversible and irreversible 
expansion on going from thinner to thicker films, there is a decrease in the reversible 
strain with increasing film thickness (Fig. 1.26 (b)). Thinner films therefore produce 
more efficient actuators compared to thicker films. In addition the research has shown 
that thinner films actuate more quickly than thicker films once they have reached their 
stable state (Fig. 1.28 and 1.29). 
A possible delay in the onset of expansion has been observed on switching the potential. 
This might not be a true delay, but the result of a slow sampling rate. However, it could 
represent a real delay due to the time it takes for the Na
+
 ions to enter the polymer film 
during the reduction scan to compensate the immobile DBS
-
 ions
116
. This merits further 
investigation using a higher sampling rate. 
A “spike” has been observed in the measured expansion associated with switching the 
potential. This has been attributed to ions entering and leaving the polymer film causing 
the refractive index to change rapidly close to the surface of the polymer film, bending 
the LSM laser to produce a virtual movement. This behaviour has been observed 
elsewhere in the literature and is referred to as the “Mirage Effect”. The spike observed 
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on switching from -1 V to 0 V (reduced to oxidized state) is an “upward spike” whereas 
the spike observed on switching from 0 V to – 1 V (oxidized state to reduced state) is a 
smaller “downward spike”. For the thin PPy(DBS) films e.g. 1 m these spikes are not 
observed, whereas they are for 5 and 10 m PPy(DBS) films. This suggests that the 
increase in concentration of the ions at the polymer surface on switching has to be 
greater than a threshold value to be observed (see Fig. 1.24). The films act as an “ion 
reservoir” with the thicker films being capable of storing more ions than the thinner 
films. A better understanding of the physics of this effect could allow it to be used in the 
study of ion movements during actuation and potentially allow the study of PPy films 
for use in applications such as the controlled release of chemicals/drugs. 
The cycling condition employed, have been shown to result in different reversible and 
irreversible expansions. Shorter cycle times result not only in lower reversible 
expansion but also larger irreversible expansions (Fig. 1.34). The observations suggest 
that larger reversible expansion and lower irreversible expansion can be restored by 
increasing the cycle time. This merits future investigation. 
A logical synthetic strategy capable of altering the levels of crosslinking within 
polypyrroles has been developed. By altering the levels of crosslinking within 
PPy(DBS) we have been able to see how this effects the actuation performance. In order 
to successfully implement our synthetic strategy (blocking approach) significant 
preliminary work had to be undertaken. 
It was observed that the actuation of the homopolymers 3,4-DMPPy(DBS) and 
3MPPy(DBS) in all cases resulted in failure of the films. In the case of 3,4-
DMPPy(DBS) failure was almost immediate occurring in the first few cycles and more 
typically in the first cycle, via brittle fracture. For 3MPPy(DBS) failure also typically 
occurred after a small number of cycles, but there was a tendency for these films to 
actuate for more cycles prior to failure compared to 3,4-DMPPy(DBS). 
Experimentation with different polymerization potentials and use of porous gold 
electrodes did not succeed in producing films of these homopolymers that could be 
successfully actuated for more than a small number of cycles without failure. 
Copolymerization of Py with 3MPy and 3,4DMPy to form 3MPPy-co-PPy(DBS) and 
3,4-DMPPy-co-PPy(DBS) films proved more successful. Control over copolymer ratios 
was achieved by employing different volume ratios of each monomer in the 
polymerization electrolyte. It was found that actuation of copolymer films could be 
undertaken in the long term without failure provided the volume of 0.1 M blocked 
monomer used to prepare the polymerization solutions was below a critical level. For 
3MPy and 3,4DMPy this was 1 ml and 0.7 ml respectively. The actuation of copolymers 
prepared with volumes greater than these levels, underwent actuations for tens of cycles, 
but during this time they were subject to deformation and ultimately failed via fracture 
and delamination. In addition, it was necessary to use a porous gold working electrode 
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to prevent delamination of copolymer films. Copolymers actuated on normal (non-
porous) gold working electrodes, even when prepared using volumes of blocked-
monomer below the aforementioned critical levels, tended to delaminate prior to 
reaching a stable state. 
Using this blocking strategy, it has been shown that increasing the levels of blocked 
monomer within the copolymer films for both 3,4-DMPPy-co-PPy(DBS) and 3MPPy-
co-PPy(DBS) series, results in an increase in irreversible expansion compared to 
PPy(DBS) (see Fig 3.11). For all copolymer films the amount of irreversible expansion 
was higher than for PPy(DBS). It was interesting to note that some of the 3MPy-co-PPy 
copolymers, which contain blocking groups in just one of the beta-positions of the 
pyrrole ring, display a higher irreversible expansion than some of the 3,4-DMPPy-co-
PPy(DBS) copolymers, which contain monomer having both beta-positions blocked. A 
possible explanation for this is that 3,4-DMPy would be expected to block both 
crosslinking and branching equally, whereas this is not necessarily the case for 3MPy 
which still has one beta-position available for substitution. It is therefore possible that a 
low level of crosslinking in combination with relatively high levels of branching can 
result in a greater increase in irreversible expansion than an equal decrease in both 
crosslinking and branching i.e. low levels of crosslinking combined with relatively high 
levels of branching might produce some of the greatest increase in irreversible 
expansion. It would appear that the ratio of crosslinking to branching is important here. 
It has also been shown that there is an increase in the reversible expansion with 
increased levels of blocked monomer within the 3,4-DMPPy-co-PPy(DBS) series of 
copolymers. This is in keeping with the initial hypothesis that a decrease in crosslinking 
would result in an increase in reversible expansion due to the ability of the polymer 
chains to move more freely. However, for the 3MPPy-co-PPy series an increase in 
reversible expansion was not observed. In fact there appeared to be a slight decrease 
across the series with increased blocking on a single beta position. It might be that in the 
range investigated for this copolymer series the expected increase in reversible 
expansion accompanying the decrease in crosslinking is off-set by other factors such as 
the level of branching or the levels of polarons/bipolarons present in the network. For 
example, a branched polymer network containing low levels of crosslinking might be 
expected to undergo relatively large irreversible expansion, but its network would not 
be expected to be as capable of being “re-packed” as densely on oxidation, as a network 
with the same levels of crosslinking but lower levels of branching. A network 
containing both low levels of crosslinking and branching could fold and align its chains 
so as to be packed more densely in a way that a branched network could not, producing 
larger reversible expansions. 
The maximum actuation rate was shown to increase and the time to 80 % maximum 
expansion decrease with increasing blocked monomer content for the 3,4-DMPPy-co-
PPy(DBS) copolymer series. The 3MPPy-co-PPy(DBS) series also showed a decrease 
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in the time to 80 % maximum expansion, but the actuation rate for this series copolymer 
showed little change across the series with increasing blocked monomer content. In 
addition the error bars were very large in figure 3.12. There would appear to be a real 
increase in actuation speed for the 3,4-DMPPy-co-PPy(DBS) copolymer series with 
increasing blocked monomer content. 
Through the use of a blocking approach it has been shown that the level of crosslinking 
strongly correlates with amount of irreversible expansion observed during actuation. In 
addition it would appear that relatively high levels of branching along with low levels of 
crosslinking produce a greater increase in irreversible expansion than low crosslinking 
levels alone. This result has been used to indirectly monitor the levels of crosslinking in 
PPy(DBS) formed at different polymerization potentials. In addition, instrumented 
indentation was used “in parallel” as a secondary method of monitoring levels of 
crosslinking in order to support our findings.  
In addition, it would appear that decreased levels of crosslinking not only lead to 
increased levels of irreversible expansion but also to increased levels of reversible 
expansion and increased actuation rates, based on the data obtained for the 3,4-DMPPy-
co-PPy(DBS) series. The 3MPPy-co-PPy(DBS) series also showed an increase in 
irreversible expansion with a decrease in crosslinking. However, the increase in 
reversible expansion and actuation rate with decreasing crosslinking seen for the 3,4-
DMPPy-co-PPy(DBS) copolymer series was not observed. The difference in reversible 
expansion seen across the 3MPPy-co-PPy series has been attributed to the relative 
changes occurring in both the crosslinking and branching across. Thus the ratio of 
crosslinking to branching appears to be an important factor. The variation in the 
replicate data for the maximum expansion rate meant that any changes occurring within 
the 3MPPy-co-PPy series with decreasing crosslinking are being hidden. 
The affect of polymerization potential on the structure and actuation performance of 
PPy(DBS) has been investigated. It has been suggested that an increase in 
polymerization potential will produce an increase in crosslinking
30
. By employing 
higher polymerization potentials more energy would be available to potentially cause 
more substitution in the pyrrole ring during electropolymerization, leading to increased 
branching and crosslinking. A similar conclusion has been made that increasing the 
temperature during electropolymerization will lead to increased substitution of the 
pyrrole ring and hence increased branching and crosslinking
31,32
.  
Using a major result of the copolymer work, the levels of crosslinking and branching 
were monitored using irreversible expansion. Instrumented indentation was also used as 
a secondary method for monitoring crosslinking based on the correlation that is known 
to exist with the mechanical properties of the film
57
.   
A suitable range for polymerization potential was found to be 0.5 V to 0.90 V. At lower 
potentials than 0.5 V polymerization was very slow and above 0.90 V the growth too 
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rapid for the accurate control of film thicknesses (Fig. 4.2). In addition it is known that 
electropolymerization at too high an electrical potential leads to degradation of the 
polymer (overoxidation). Through the use of FTIR microscopy no signs of 
overoxidation were noted within this range (Fig 4.3 and Fig. 4.5). 
The charge consumed during polymerization of the PPy(DBS) films was in general 
observed to decrease with increasing polymerization potential. This might be explained 
by a decrease in density of the films accompanying an increase in the number of defects. 
Based on the hypothesis that increased polymerization potentials lead to increased 
crosslinking, it was expected to see a decrease in both the reversible and irreversible 
expansion with increasing polymerization potential and crosslinking. This was observed 
(Fig. 4.7 and Fig. 4.9). However, there was an unexpected decrease in irreversible 
expansion in the range 0.5 V to 0.55 V. It is believed here that this can be explained by 
an increase in both branching and crosslinking that is taking place in the films in this 
range. This is in agreement with the earlier copolymer work, which concluded that 
increase in branching can lead to increased irreversible expansion. This is supported by 
density measurements which show a relatively large decrease in density on going from 
0.5 V films to 0.55 V films (Fig.  4.24) and is consistent with an increase in branching 
leading to a lower packed network structure (Fig. 4.23). 
The fastest actuating PPy(DBS) films were found to be those synthesized at 0.60 V. At 
higher potentials (0.60 V to 0.90 V) the films actuated more slowly. Again, this is 
consistent with the copolymer work and supportive of the view that increased 
crosslinking leads to decreased rates of actuation. The increase in actuation speed 
between 0.50 V and 0.60 V, might be attributed to the increase in branching leading to a 
lower density, more open and porous structure. This would facilitate ion movement into 
and out of the polymer by the increase in the number of “ion channels” available. It may 
also be that the crosslinking that is present within the films produced at lower 
polymerization potentials (0.50 V and 0.55 V) are shorter in length (shorter “spacer” 
lengths). Shorter spacer lengths might be expected at lower polymerization potentials 
due to the lower growth (kinetic) rates (Fig 4.2). More densely packed PPy networks 
crosslinked by shorter chains would be more likely to obstruct movement of ions 
through the polymer network. The presence of shorter crosslinks at low polymerization 
potential, 0.50 V, might also contribute to the lower level of irreversible expansion 
observed for 0.50 V compared to 0.55 V films. 
Instrumented indentation has revealed that there is an increase in the stiffness (increase 
in the elastic modulus, E) and resistance to plastic deformation (decrease in H/E
2
) with 
increasing polymerization potential (Fig. 4.16 and Fig. 4.22). Again, this is consistent 
with an increase in the level of crosslinking with increasing polymerization potential. 
The micro-hardness was found to be minimum for films polymerized at 0.7 V. In the 
region 0.5 V to 0.7 V the micro-hardness decreased from a maximum value at 0.5 V and 
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increased again in the range 0.70 V to 0.90 V (Fig 4.19). Hardness values are known to 
reflect changes in density, and the shape of the micro-hardness curve is similar to figure 
4.24 which indicate polymer density changes for the prepared films. The decrease in 
micro-hardness observed between 0.50 V and 0.70 V has been attributed to a decrease 
in density of the films and possibly also to an increase in porosity accompanying 
increased branching. The increase in the micro-hardness in the range 0.70 V to 0.90 V 
has been attributed to a “re-densification” of the polymer network as a result of 
increased crosslinking (Fig 4.26 (a)). 
A very interesting development has been the recent work undertaken by Schröder et al 
on the nanoindentation of crosslinked gold nanoparticle filled polymer films
89,90
. This 
work has shown that the increase in crosslinking and density accompanying the use of 
shorted linker lengths (shorter crosslinks) results in an increase in the elastic modulus 
and hardness of the films. These observations are consistent with findings presented in 
this thesis. In particular his results supports the idea that the increase in irreversible 
expansion observed for PPy(DBS) films on going from 0.5 V to 0.55 V are due to an 
decrease in density caused both by an increase in branching and an increase in 
crosslinking (spacer) length. 
Both of the methods that have been used for monitoring crosslinking are supportive of 
each other and giving consistent results. They have allowed a model for the structural 
changes that we believe occur at different polymerization potentials to be proposed.  
Based on a theoretical discussion of the changes that occur during branching and 
crosslinking a method is proposed (elemental analysis) which has the potential of 
providing a more direct and quantitative assessment of the levels of crosslinking in 
polypyrroles. In addition, this theoretical consideration of polymer network structure 
provides support to the notion that low levels of crosslinking produce more dense 
structures due to a better packing efficiency; whereas branched structures produce a less 
dense and more open/porous structure. It would be beneficial to develop this work 
further modelling networks in three dimensions using suitable software.  
This work represents the first study of its kind aimed at understanding the impact that 
crosslinking and branching have upon the actuation performance of polypyrroles. As a 
result of this work the ability to synthesize polypyrroles with improved actuator 
properties such as greater strains and strain rates is closer. 
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1.2 Conclusions 
The main outcomes of this work are as follows: 
 An increase in crosslinking results in a decrease in both the reversible and 
irreversible expansion of polypyrrole films. 
 An increase in branching leads to an increase in the irreversible expansion of 
polypyrrole films. 
 Low levels of crosslinking and high branching produce the largest irreversible 
expansions and visa versa. 
 An increase in branching results in a decrease in the density of polyrrole films. 
 Instrumented indentation can be used to monitor structural changes, with an 
increase in crosslinking leading to an increase in the elastic modulus and a 
decrease in the parameter H/E
2
.  
 The micro-hardness values obtained from instrumented indentation can be used 
to reveal changes in film density, crosslinking and branching. 
 For PPy(DBS) films an increase in polymerization potential results in an 
increase in branching and crosslinking, with the change in branching being 
dominant in the range 0.50 V to 0.55 V and the change in crosslinking being 
dominant in the range 0.55 V to 0.90 V. 
 PPy(DBS) polymerized at 0.50 V produces films with a maximum strain.  
 PPy(DBS) polymerized at 0.60 V produces films with a maximum strain rate. 
 
Through undertaking this work we have: 
1. Developed a new method for determining the electroactive performance of 
electropolymerized films, using it to show the affect of film thickness on 
actuation. 
2. Noted that this method has the potential for studying ion movements during 
redox, via the Mirage Effect, which could not only aid further understanding of 
the actuation mechanism, but also be useful in the development of applications 
for controlled release of chemicals/drugs.   
3. Devised and implemented a strategy for altering the levels of crosslinking and 
branching in polypyrroles based upon the use of blocking groups. 
4. Shown the effect that structural changes such as crosslinking, branching and 
density have on the actuation performance of polypyrroles. 
5. Developed a new approach for monitoring structural changes in polypyrrole 
based upon changes in the irreversible expansion. 
6. Used instrumented indentation as a secondary method for monitoring 
crosslinking changes. 
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7. Developed a model for the structural changes that occur at different 
polymerization potentials for PPy(DBS). 
8. Proposed that CHNS elemental analysis should be capable of the quantitatively 
determining crosslinking levels in polypyrrole, based on an in-depth discussion 
of network structure. 
 
1.3 Further work 
The work has raised further questions requiring answers. Further research that might be 
undertaken to both supplement and build upon the work presented in this thesis is as 
follows: 
1. Investigate the use of elemental analysis for the quantitative determination of 
crosslinking in polypyrroles. 
2. Obtain density and porosity data for PPy(DBS) films polymerized at different 
polymerization potentials (0.50 V to 0.90 V). 
3. Use FTIR/ATR to obtain evidence that the irreversible expansion of PPy(DBS) 
films observed during actuation is the result of solvent (H2O) swelling
132
. 
4. Synthesize polypyrroles using dimers, trimers and linear oligomers and assess 
their actuation performance
133
. 
5. Attempt to synthesize polypyrroles containing more linear chained polymer, at 
low temperatures
134
, in aqueous electrolytes, using super-cooled aqueous 
electrolytes and natural antifreeze molecules. 
6. Explore strategies for increasing the rate of actuation of polypyrroles. 
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Appendix 1  
 
Laser Scanning Micrometer (LSM) Control Unit and GPES Software settings: 
 
LSM settings: 
Press “C” (Yellow) 
Press “Set” once 
Press numbers to enter value 
Press “E” (enter) to go to next row 
Press “set” twice to exit 
Press “Cont” to continuously send data to GPES 
 
0 SEG 2 
1 MR ARM 512 
2 LL 0 
2 LH 0 
3 REF (sample dependant) 
3 SCL 1 
4 OFS 0 
5 DAT O.C 0 
6 SMP N1 
 
GPES settings: 
Multiplier = 4 
Offset = same as “3 REF” 
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Appendix 2 
Cyclic voltammetry can be used to demonstrate the presence of diffusion limited 
processes. 
The CV results of films are governed by the kinetics of diffusion in series with charge 
exchange. There is an envelope of conditions in which diffusion becomes significant 
and this would mean that only a part of the thickness of the film is active in terms of 
exchange. 
CV measurement performed at different scan rates would enable the sensitivity of a 
particular film/material to limitation by diffusion. Such measurements would show the 
existence of a plateau in the dependence of the CV results on rates towards the low rate. 
If the rates and time scales of the experiment are within the plateau then the film 
responds with its full thickness and diffusion does not play a role and visa versa. 
That diffusion is the important part in the volume change of PPy and is generally the 
rate limiting step is well known and an established fact in the field of electroactive 
polymers
116
. In light of this previous work undertaken for PPy(DBS) we have taken 
diffusion to be the rate limiting step in the work conducted in Section C, 1.2 of this 
thesis. 
 
 
 
